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Section 1 
INTRODUCTION 

Much research using i n - f l i g h t  simulators has been conducted i n  recent 

years i n  the  area of f l y i n g  q u a l i t i e s  fo r  the  f lared landing approach phase of 

f l i g h t  (References 1 through 5 ) .  Most of these studies dea l t  with ob ta in ing  

data t o  ve r i f y  or  re f i ne  o l d  c r i t e r i a  and t o  develop new c r i t e r i a .  Because of 
the  i n t roduc t i on  of h i g h l y  augmented a i r c r a f t  with the r e s u l t i n g  non- 

conventional a i rp lane response, ef fect ive time delay, and higher-order dynamic 

behavior, some f l y i n g  q u a l i t y  c r i t e r i a  tha t  concentrated on one a i rp lane 

state, namely pi tch rate, have been shown n o t  t o  work well .  The primary 

emphasis o f  t h i s  i n - f l i g h t  f l y i n g  q u a l i t i e s  experiment u t i l i z i n g  the USAF/TIFS 

(To ta l  I n -F l i gh t  Simulator), was t o  generate a consistent set  o f  data t o  f i nd  
ou t  what the  p i l o t  requires i n  order t o  be able t o  f l a r e  and land an airplane. 

Two separate areas of analysis were performed on the data. One was t o  

inves t iga te  what k i n d  of commanded response (e.g., angle of a t tack  or  p i t c h  

ra te )  and i t s  cha rac te r i s t i cs  tha t  the  p i l o t  preferred. The other area was t o  
r e f i n e  a time h i s t o r y  c r i t e r i o n  t h a t  took i n t o  account a l l  the necessary 

var iables and t h e i r  charac ter is t i cs  t h a t  would accurately p red ic t  f l y i n g  
qua l i t i es .  The r e s u l t  of the f i r s t  p a r t  of the program would be t o  provide 

guidel ines t o  the f l i g h t  con t ro l  system designer i n  developing systems using 
MIL-F-8785(C) as a guide t h a t  would y i e l d  the responses tha t  p i l o t s  p re fe r  i n  

f l a r e d  landings. The second p a r t  of the  program provides the  f l y i n g  q u a l i t i e s  
engineer with an accurate p red ic t i ve  t o o l  which would t e l l  him how good the 

r e s u l t i n g  system would be. 

F l i q h t  Control  Design Configurations 

The f l y i n g  q u a l i t i e s  speci f icat ion published i n  1969, MIL-F-8785(8) 

(Reference 6 )  represented the culmination of near ly  20 years o f  experimental 

f l i g h t  research i nvo l v ing  many var iab le  s t a b i l i t y  a i r c r a f t  such as the  

USAF/Calspan NT-33A, the Princeton Navion, and the NASAhoeing 367-80. This 
spec i f i ca t i on  for the f i r s t  time quan t i t a t i ve l y  defined sa t i s fac to ry  and 

acceptable regions o f  speci f ic  modal parameters of  an airplane, such as shor t  

period, phugoid and Dutch r o l l  frequencies and damping ra t ios .  A more recent 

rev is ion,  MIL-F-8785(C), (Reference 7) fo r  the most p a r t  preserves the modal 
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requirements specified i n  MIL-F-8785(B) without s i g n i f i c a n t  rev i s ion  both i n  

terms o f  the  modal requirements and d e f i n i t i o n s  of the  modes. MIL-F-8785(C), 
f o r  instance, states t h a t  "short per iod  response of angle o f  a t tack  s h a l l  meet 

the  requirements The proposed MIL Standard and Handbook (Reference 8), 

however, i s  oriented almost t o t a l l y  i n  the  d i r e c t i o n  o f  de f in ing  an 

Uequivalent" short per iod mode from the  p i tch  r a t e  ra the r  than the angle of 

a t tack  response of the  vehicle. If the veh ic le  i s  unaugmented or i f  the  

response order has n o t  been increased by compensation or other dynamic ele- 

ments, then i t  does n o t  matter whether the  shor t  per iod i s  defined from the  

angle o f  att ick o r  frnrr! the  p i t ch  r a t e  behavior of the  vehicle. !-iowever, i f  
dynamic elements have been introduced i n  the  c o n t r o l  system, such as a pre- 

f i l t e r  or i n t e g r a l  p lus  p ropor t iona l  compensation i n  the  loop with p i t c h  r a t e  
feedback, then i t  i s  u n l i k e l y  t h a t  the  short  per iod frequency, equivalent or 
otherwise, may be accurately obtained from the p i t c h  r a t e  response o f  the  

vehicle. 

I 8  

b 

The f l y i n g  q u a l i t i e s  speci f icat ion,  MIL-F-8785(C) and the preceding 

(B) version, unfortunately have seldom served as d i r e c t  c r i t e r i a  f o r  the 

design o f  a f l i g h t  c o n t r o l  system for  the l ong i tud ina l - ve r t i ca l  degrees o f  

freedom o f  motion of an a i r c r a f t .  There appears t o  be two primary reasons f o r  

t h i s :  
1. The e f f e c t  o f  compensation networks and other dynamic elements 

t h a t  produce higher order response e f f e c t s  i n  the f l y i n g  qua l i -  

t i e s  frequency range o f  i n t e r e s t  were n o t  e x p l i c i t l y  addressed 

i n  the speci f icat ion.  The i m p l i c i t  message o f  the specifica- 

t i o n  i s  t h a t  higher order response behavior almost always 

degrades the  f l y i n g  q u a l i t i e s  of the vehicle. 

2. The f l i g h t  c o n t r o l  system designer i s  or iented more towards the  

command input-control led output response philosophy. Generally 
speaking, the f l i g h t  c o n t r o l  system designer has o f ten  con- 

sidered the feedback quan t i t i es  t o  be the "cont ro l led  

variable(s)" and seeks design c r i t e r i a  based upon the  response 

of the "cont ro l led  variables" t o  a command input .  The modal 
approach of MIL-F-8785( C) addresses dynamic requirements i n  

terms o f  commanding the e n t i r e  a i rp lane ra ther  than a spec i f i c  
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s ta te  variable(s1 of the airplane. Although the comnd-  

response approach t o  con t ro l  system design i s  n o t  incompatible 

with the requirements, the tendency has been t o  generate new 

c r i t e r i a  based upon the feedback rather than the modal para- 

meter requirements. Several s i g n i f i c a n t  examples o f  t h i s  

approach t o  con t ro l  system c r i t e r i a  ex i s t .  The most prominent 

among them are C * ( t )  (Reference 9), the Shutt le Orb i te r  p i t c h  
r a t e  envelope c r i t e r i a  (Reference lo) ,  and the angle o f  at tack 

time h i s t o r y  response envelope (Reference 11). 

There has been a profusion of a l te rna te  f l y i n g  q u a l i t i e s  c r i t e r i a  

since the pub l ica t ion  of  MIL-F-8785181. C r i t e r i a  are open-loop, closed-loop, 
man-in-the-loop and both frequency domain and t ime domain oriented. some 
attempt d i r e c t l y  t o  transform from the modal spec i f i ca t ion  format o f  MIL-F- 

8785(C) while others are empir ical ly derived from the analysis o f  sets o f  

f l i g h t  data. Although most are successful t o  some degree, they are p r imar i l y  
compliance or  evaluation methods rather than d i r e c t  design c r i t e r i a  tha t  can 
a i d  the  designer i n  t r y i n g  t o  decide what t o  feedback, how much and whether 

higher order networks such as an i n t e g r a l  p lus proport ional  compensation 

should be added t o  the system. A l l  of  these c r i t e r i a  can be useful, but  most 

do not  appear t o  have the object ive of d i r e c t  extensions t o  the s o l i d  foun- 

dat ion o f  MIL-F-8785 (C)  or i n te rp re ta t i on  of  MIL-F-8785(C) fo r  the f l i g h t  

c o n t r o l  system designer. I t  would seem t o  be a desirable ul t imate ob jec t ive  
t o  he lp  the con t ro l  system designer make d i r e c t  use o f  the resu l t s  o f  the 

twenty years o f  experimental f l i g h t  t e s t  t ha t  are embedded i n  the f l y i n g  

q u a l i t i e s  speci f icat ion.  

I t  i s  an object ive of the experimental f l i g h t  program described i n  

t h i s  repor t  t o  i n t e r p r e t  the f l y i n g  q u a l i t i e s  requirements o f  MIL-F-8785(C) i n  

terms o f  command/response configurations. I n  t h i s  sense, then, the e f f o r t  

described i n  t h i s  report  i s  d i rected toward the f i r s t  steps required t o  trans- 

form MIL-F-8785(C) from a pure f l y ing  q u a l i t i e s  spec i f i ca t ion  i n t o  a j o i n t  

f l y i n g  q u a l i t i e s / f l i g h t  con t ro l  design c r i t e r i a .  The two commanded longi tu-  
dinal s ta te  variables chosen fm invest igat ion are p i t c h  r a t e  ana angle o f  

attack, the two natural"  states o f  constant speed aerodynamic f l i g h t .  By 

evaluat ing p i t c h  r a t e  command and angle of at tack command configurations a few 
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basic guidel ines are establ ished t o  h e l p  the  f l i g h t  c o n t r o l  system designer 
decide whether the system should behave as a conventional a i r c r a f t  (angle o f  

a t tack  command system) or as a r a t e  command, a t t i t u d e  ho ld  system. Rate 

command and angle of a t tack  command configurations were spec i f ied  t o t a l l y  

within the  context of MIL-F-8785(C) i n  order t o  determine p i l o t  preference for  
one or  the other as  a function of 1 / ~ , ~  and phugoid mode character ist ics.  The 
r e s u l t s  suggest t h a t  p i l o t  preference for angle o f  a t tack  or  p i tch  r a t e  
command i s  a function o f  l/~@*. 

T i m e  Domain C r i t e r i a  (P i tch  Axis, Flared Landing Task) 

The primary ob jec t ive  of t h i s  phase o f  the experiment was t o  r e f i n e  

the  time domain p red ic t i ve  c r i t e r i a  o f  Reference 5. (This  c r i t e r i a  i s  app l i -  

cable t o  the p i t c h  a x i s  i n  the f la red  landing task.) A major l i m i t a t i o n  o f  
the o r i g i n a l  c r i t e r i a  was an i n a b i l i t y  t o  contend with time delays. An 

add i t i ona l  l i m i t a t i o n  was concern as t o  the a b i l i t y  t o  handle excursions o f  

shor t  per iod frequency t h a t  f e l l  outside the borders o f  Level 1 boundaries o f  

MIL-F-8785 Nz/a vs. q, requirements. 
SP 

Experience with the Calspan Lear je t  had ind ica ted  tha t  t i m e  delay 

e f f e c t s  were strongly dependent on c o n t r o l  s e n s i t i v i t y  ( s e n s i t i v i t y  defined, 

i n  t h i s  instance, as maximum slope o f  the p i t c h  r a t e  response per pound o f  

p i t c h  con t ro l l e r  input ) .  Consequently, i t  was determined tha t  a v a l i d  time 

delay experiment must include s e n s i t i v i t y  e f f e c t s  and these s e n s i t i v i t y  

e f f e c t s  might be appl icable t o  h igh  frequency short per iod cases from the 

MIL-F-8785 requirements. 

A t i m e  delay t e s t  matr ix was chosen which u t i l i z e d  two baseline 

f l i g h t  configurations t h a t  were Level  1 i n  f l y i n g  q u a l i t i e s  performance (one a 

"conventional" angle of a t tack  command, and the other a p i t c h  r a t e  command). 
The mat r ix  was completed by applying three l eve l s  o f  p i t c h  s e n s i t i v i t y  and 

three l e v e l s  of t ime delay t o  the basel ine configurations. 

The i n - f l i g h t  data provided by th i s  matr ix resu l ted  i n  the desired 

t i m e  delay and s e n s i t i v i t y  matrices f o r  c r i t e r i a  refinement. The resu l tan t  
re f i ned  c r i t e r i a  was appl ied t o  appl icable conf igurat ions o f  t h i s  experiment 

as w e l l  as t o  the f l i g h t  data o f  the p i t c h  r a t e  program (Reference 5), the 
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LAHOS program (Reference 11, the Large A i r c r a f t  program (Reference 4), the 
Ames NT-33 Study (unpublished), the SST program (Reference 12), and the X-29 
program (unpublished), for  a t o t a l  o f  129 configurations. These 129 con- 

f i gu ra t i ons  consisted of  var iat ions i n  short period frequency and damping, 
angle of at tack command, p i t c h  r a t e  command, 1 /~ ,~  var iat ions,  t i m e  delay 

var ia t ions ,  p r e f i l t e r  var iat ions,  s e n s i t i v i t y  var iat ions,  wheel and s t i c k  

cont ro l le rs ,  and a i r c r a f t  sized from the X-29 t o  1,000,000 lb .  gross weight. 

The r e s u l t s  were tha t  the time domain pred ic t i ve  c r i t e r i a  predicted 
60% o f  the 129 configurations from seven d i f f e r e n t  programs t o  within one 

Cooper-Harper ra t ing,  88% t o  wi th in  two HQR rat ings,  and 81% by f l y i n g  qua l i -  

t i e s  Level. The pred ic t ions  f o r  t h i s  subject program, where seven p i l o t s  and 

many repeated evaluations provided a more v a l i d  s t a t i s t i c a l  base, weret 77% 
w i t h i n  1 HQR, 96% within 2 HQR's, and 100% by f l y i n g  q u a l i t i e s  Level. 

A number of frequency domain p red ic t i ve  techniques were appl ied t o  

the data of t h i s  program and t o  selected configurations from other programs. 

The most promising of these was a technique using Neal-Smith p i l o t  lead 

compensation angle as the prime parameter. For t h i s  program the resu l t s  were: 
65% predicted w i th in  fl HW, 81% wi th in  2 HQ? and 73% by f l y i n g  q u a l i t i e s  

l eve l ,  however, 19% missed by more than 2 HQR's (compared t o  4% f o r  the t ime 
domain c r i t e r i a )  and 4 Level 3 configurations were missed (compared t o  none 

missed by the time domain c r i t e r i a ) .  This technique d i d  n o t  successfully 

account f o r  time delay and s e n s i t i v i t y  e f fec ts  and needs t o  be applied t o  a 

wider data base. 

The balance o f  the repor t  is organized i n  two volumes as follows: 

Volume I 
Section 2 Experiment Design - includes the de ta i led  con- 

f i gu ra t i on  descript ions and evaluation procedures. 

Section 3 Experiment Mechanization - describing the TIFS 

a i r c r a f t  and equipment. 

Section 4 Data - includes the f l i g h t  chronology and raw data 
obtained i n  the experiment (wi th some references t o  

the Appendices). 
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section 2 

-1MENT DESIGN 

I 

The motivation fo r  the f l i g h t  experiments performed using the 

USAF/AFWAL To ta l  I n -F l i gh t  Simulator (TIFS) and discussed i n  t h i s  repor t  are 

many. The f l y i n g  q u a l i t i e s  speci f icat ion MIL-F-8785( C) presents f l y i n g  qua l i -  
t i e s  requirements i n  terms of  sa t is fac to ry  and acceptable regions o f  s p e c i f i c  

modal parameters o f  an airplane such as short per iod and phugoid frequency and 

damping r a t i o .  Modal residues (o r  zeros o f  t ransfer functions) are not  speci- 

f i c a l l y  addressed, therefore, the responses between a i r c r a f t  having the same 

modal cha rac te r i s t i cs  can vary over a wide range. 

This experiment explores, i n  a prel iminary way, a range over which 

the response of the a i r c r a f t  may vary yet  sa t i s f y  f l y i n g  q u a l i t i e s  require- 
ments as defined by MIL-F-8785(C). The range o f  dynamic behavior i s  re la ted 

t o  f l i g h t  con t ro l  system design considerations i n  the sense tha t  purely angle 

o f  a t tack  command and purely p i t c h  r a t e  command conf igurat ion are compared i n  

as d i r e c t l y  a form as possible. For  instance, a l l  t he  configurations were 

designed t o  have a short period natura l  frequency o f  2 rad/sec. For the angle 

o f  at tack configuration, the short period damping r a t i o  was held constant a t  

= 0.7. The p i t c h  r a t e  command configuration required, because o f  the 

A more 

complete discussion of  the ra t i ona l i za t i on  f o r  the select ion o f  these con- 
f i gu ra t i ons  i s  given i n  Reference 13. 

<SP 
command" requirements, var iat ions i n  5 as a funct ion o f  l/-re2. I1 

SP 

The f l i g h t  con t ro l  system designer i s  o f ten oriented toward the 

command/response philosophy o f  cont ro l  system design, so the experiments are 

designed t o  provide, i n  a prel iminary sense, an i n te rp re ta t i on  o r  guidel ine 
for  the con t ro l  system designer i n  the sense tha t  he w i l l  be able t o  decide 

whether t o  design a con t ro l  system t h a t  w i l l  r e s u l t  i n  an angle o f  at tack 
command (or conventional a i r c r a f t )  responding system or a p i t c h  r a t e  command, 

a t t i tude-ho ld  system. I n  t h i s  sense, the attempt i s  t o  demonstrate t o  the 
f l i g h t  con t ro l  system designer that not on ly  are the speci f icat ions i n  

MIL-F-8785(C) an appropriate way t o  judge compliance with f l y i n g  q u a l i t i e s  

requirements, but i t  may a lso  be d i r e c t l y  used as a f l i g h t  con t ro l  system 
design c r i t e r i a .  I n  t h i s  way, the  resu l t s  o f  the twenty years o f  experimental 
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f l i g h t  t e s t s  used t o  define the f l y i n g  q u a l i t i e s  spec i f i ca t i on  can a lso  be 

d i r e c t l y  used by the f l i g h t  c o n t r o l  system designer. 

2.1 CONFIGlRATION DEFINITIONS 

The experiment described below considers angle o f  a t tack  and a p i t c h  

r a t e  command systems i n  terms o f  the loca t ions  of the poles o f  the system with 

respect t o  the zeros i n  various t ransfer functions. I n  t h i s  respect, the 

i n t e n t  i s  t o  t r y  t o  determine whether the modal parameter approach as spe- 

c i f i e d  i n  MIL-F-8785(6) has been properly in te rpre ted  i n  the MIL-F-87851C) 

standard i n  terms o f  a i r c r a f t  axes. The short  period and the phugoid w i l l  be 
considered separately because i t  i s  possible t o  design a p i t c h  r a t e  command 

system f o r  t he  short term, but  an angle of a t tack  command system i n  the long 

term, or vice versa. The idea i s  t o  t r y  t o  determine p i l o t  preference both i n  

the short term and long term. 

The angle of  at tack or the p i t c h  ra te  command systems can be defined 
so le l y  i n  terms of  the locat ions of  the vehic le poles with respect t o  the 

zeros o f  the transfer functions. A p i t c h  r a t e  command, a t t i t u d e  hold system 

w i l l  produce a pole-zero cancel lat ion such tha t  three poles are placed a t  the 

zeros of  the t rans fer  function located a t  the o r i g i n  o f  the s plane, a t  

- 1 h Q l ,  and a t  - ~ / T Q * .  Therefore, the response i n  p i t c h  ra te  i s  dominated by 
the one remaining pole. I n  the angle of at tack command system two poles are 
located a t  the low frequency zeros %, o f  the angle o f  at tack t rans fer  

function. The response i s  dominated by the remaining two poles, which def ine 

the short period mode. These systems are b r i e f l y  described below without 

regard t o  how they may be mechanized. The mechanization problem i s  not  a 
d i f f i c u l t  one and i s  discussed i n  Section 2.2.1 and Reference 13. 

I 
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2.1.1 Conf iqurat ion Select ion Rationale 

For t h i s  experiment, command conf igurat ions such as p i t c h  rate,  angle 

o f  a t tack,  or  r a t e  of  change of  f l i g h t  path were designed with d i r e c t  re fe r -  

ence t o  MIL-F-8785cC). The configurations were defined as i f  the p a r t i c u l a r  

quant i t y  commanded or  fed back was constrained by the requirements o f  the  

modal parameters of the MIL-F-8785( C) format. Consider the sketch below, 

which shows the  root locus p l o t  for a two degree o f  freedom vehic le  represen- 

t a t i o n  using p i t c h  r a t e  feedback. 

increasing q feedback 

PITCH RATE FEEDBACK - 2 DOF VEHICLE REPRESENTATION 

As the feedback gain i s  increased, the damping r a t i o  o f  the shor t  

per iod  mode becomes h igh  and eventual ly the shor t  per iod mode separates i n t o  

two r e a l  roots; one t h a t  w i l l  terminate a t  the zero located a t  s = -1/'ce2 and 

the  other  a t  i n f i n i t y  if not  constrained. The shor t  per iod mode i s  defined by 

(S + P,)(s + p2) and ind ica tes  a damping r a t i o  greater than c r i t i c a l  w i th  shor t  
(P1 + P7) - - 

per iod  frequency o f  wsp = and damping r a t i o  of  5 = J-' . 
p1p2 

Therefore, i n  the l i m i t  one of the shor t  per iod poles w i l l  be located 

a t  S = - l / T q  and the p i t c h  r a t e  response w i l l  be a pure f i r s t  order response 
character ized by the t rans fe r  funct ion q F S ( s )  = ~ / ( s  + plj, even though the 

short  per iod mode i t s e l f  i s  characterized by (s  + p,)(s + i / ~~~) .  
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2.1.2 Pole-Zero Patterns 

The sketches below show the pole-zero pa t te rn  representat ion o f  the 

d i f f e ren t " contro l led variable" con f igura t ions  . 
Anqle of Attack Command System (Configurations 1, 5 )  

POLE-ZERO CONFIGURATION 

X 
ANGLE OF ATTACK POLE-ZERO 

CONFIGURATION 

X 
PITCH RATE POLE-ZERO 

CON FIG UR ATlON 

RESPONSE TO STEP COMMAND 

ANGLE OF ATTACK RESPONSE 

PITCH RATE RESPONSE 

Figure 1. Angle of Attack Command System 

As shown i n  Figure 1, the response o f  the angle o f  a t tack command 

system is dominated by the short  per iod poles osp, csp. The phugoid poles are 

located a t  the l o w  frequency zeros %, of the a/+(s) t rans fer  function. 
The r e s u l t  can be a quick, smooth and w e l l  behaved angle o f  a t tack response as 
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defined by the short  per iod mode. Theoret ical ly there  i s  no residue i n  the 

angle of a t tack  response i n  the phugoid mode; i.e., &(t) = 0 a f t e r  the short  

per iod response 

The p i t c h  r a t e  response of the angle of at tack command system i s  

t y p i c a l  o f  a conventional a i r c r a f t .  The transfer funct ion zero a t  

produces an overshoot i n  the p i t c h  r a t e  response t o  a step command input, and 
a s i g n i f i c a n t  phugoid mode residue with zero u l t imate steady s tate value i s  

evident. 

P i t c h  Rate Command System (Configuration 2, 6 )  

As the angle of at tack command system showed pole-zero cancel lat ion 
i n  the angle of a t tack  transfer function, the p i t c h  r a t e  command system 

ind ica tes  pole-zero cancel lat ion i n  the p i t c h  ra te  t ransfer  function. The 

pole-zero pa t te rn  showing these cancellat ions are indicated i n  Figure 2 below. 

*a&x 
0 I 

ANGLE OF ATTACK POLE-ZERO 
CON F IGURATl ON 

P l f C H  RATE POLE-ZERO 
CONFIGURATION 

ANGLE OF ATTACK RESPONSE 

t 4  I 

PITCH RATE RESPONSE 

Figure 2. Pitch Rate Command System 
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The response of p i t c h  ra te  i n  the p i t c h  r a t e  command system i s  

dominated by the s ingle order pole p1 shown i n  the above f igure.  The response 
shows no residue i n  the phugoid mode, and the zero a t  the o r i g i n  i s  cancelled 

by a pole, which indicates tha t  the system w i l l  be an at t i tude-hold system. 

The angle of attack response is general ly sluggish, dominated by the poles a t  

-l&* and -lhgl tha t  are not  cancelled by numerator zeros o f  the angle o f  
a t tack  t ransfer function. The pole a t  the o r i g i n  a lso  contr ibutes t o  the 

response and leads t o  a steady s tate ramp response i n  angle o f  attack. A f t e r  
the step i npu t  i s  returned t o  zero, the p i t c h  r a t e  returns t o  zero but the 

change i n  angle o f  at tack does not. The p i t c h  r a t e  command, a t t i t u d e  ho ld  
system i s  a lso  an angle of at tack "hold" system, although the response i n  

angle o f  at tack i s  normally so sluggish t h a t  steady s tate angle o f  a t tack  

would l i k e l y  be ra re l y  seen i n  ac tua l  f l i g h t .  Speed change w i l l  a l so  e x h i b i t  
neu t ra l  s t a b i l i t y .  

The t w o  types o f  system described i n  Figure 1 and Figure 2, mainly a 
p i t c h  r a t e  command and angle of  at tack command system i n v o l v e  both short  

per iod and phugoid dynamic behavior of both of the response variables. Each 
p a r t  contr ibutes s i g n i f i c a n t l y  t o  the dynamic behavior o f  the system. The low 
frequency behavior o f  the angle of  at tack command system i s  such t h a t  a f t e r  
the angle o f  attack reaches steady state, then changes i n  f l i g h t  path are 

equal t o  changes i n  p i t c h  angle; i.e., Ay 1 Ae since &(t) 4 0. The p i l o t  can 
judge changes i n  f l i g h t  path by observing changes i n  p i t c h  angle. Because 

p i t c h  ra te  eventually goes t o  zero fol lowing a step command, the p i t c h  a t t i -  

tude and the f l i g h t  path reach new steady s tate values. I n  the p i t c h  ra te  

command, at t i tude-hold system, the angle of  at tack responds sluggishly and 

never reaches a steady s tate value t o  a step command input. The change i n  

f l i g h t  path angle i s  not equal t o  changes i n  p i t c h  angle; i.e., Ae # Ay and 
the p i l o t  has more d i f f i c u l t y  i n  judging changes i n  f l i g h t  path by observation 

o f  changes i n  p i t c h  angle. The r e s u l t  o f  the sluggish angle o f  at tack 
response i s  frequently an overcontrol tendency by the p i l o t  during f l a r e  and 

landing. A correction o f  the overcontrol leads t o  p i l o t  complaints o f  
"non-monotonic" s t i c k  forces. 



The dif ferences i n  the short per iod response are more obvious. I n  
the angle o f  at tack command system, the numerator zero i n  the p i t c h  r a t e  

t r a n s f e r  funct ion may be considered a lead te rm i n  the p i t c h  ra te  response. 

I n  the  p i t c h  r a t e  command system, the s i n g u l a r i t y  t h a t  previously was a p i t c h  

r a t e  lead becomes a pole or l a g  i n  the angle o f  a t tack  response. 

Hybr id Systems 

Simple var ia t ions  i n  the types o f  pure cont ro l led  var iable systems 
designed f o r  t h i s  experiment should al low both the f l y i n g  q u a l i t i e s  engineer 

and the f l i g h t  con t ro l  system designer t o  determine whether or no t  the 

"cont ro l led  variable" philosophy of c o n t r o l  system design applies t o  both the 
short  term and the long t e r m  or phugoid mode. For instance, by the indepen- 

dent placement o f  the short period and phugoid poles, i t  i s  a r e l a t i v e l y  

simple matter t o  obtain a short term angle of a t tack  command, long te rm p i t c h  

r a t e  command system. This can be done as shown i n  Figure 3 below, i n  which 

the short  period poles are placed as i f  the system were angle o f  at tack 

command, while the phugoid poles are placed as if the system were p i t c h  r a t e  

command. The converse, as shown i n  Figure 4 below, can also be accurately 

evaluated using the TIFS var iable s t a b i l i t y  airplane. 

I n  the past i t  has been o f ten  stated tha t  the p i l o t  is l i t t l e  

a f fec ted  by the long term o r  phugoid motion o f  the vehicle. I t  has been 

assumed t h a t  the p i l o t  e i t h e r  ignores these long term e f f e c t s  or  corrects f o r  
them more-or-less subconsiously. If t h i s  hypothesis is true, then i t  should 
make no dif ference i f  the phugoid poles were located a t  e i t h e r  the zeros o f  

the numerator of  the angle of attack t ransfer function ( W a ,  ca) or  a t  the 

o r i g i n  and a t  two o f  the numerator zeros o f  the p i t c h  ra te  t rans fer  
function. I t  i s  expected tha t  the hybr id  var ia t ions  depicted by Figures 3 

and 4 whould help s i g n i f i c a n t l y  t o  s e t t l e  the question o f  the importance o f  

phugoid dynamics with respect t o  f l y i n g  qua l i t i es .  
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Short Term Anqle of Attack - Long Term P i t ch  Rate (Configuration 3, 7) 

The short-term angle of attack, long-term pi tch r a t e  command system 

pole-zero conf igurat ion i s  shown i n  Figure 3. 

X 

ANGLE OF ATTACK POLE-ZERO 
PATTERN 

X 

X 
PITCH RATE POLE-ZERO 

PATTERN 

ANGLE OF ATTACK RESPONSE 
TO STEP COMMAND 

I t-b 

PITCH RATE RESPONSE 
TO STEP COMMAND 

Figure 3. Short Term Angle of Attack, Long Term Pitch Rate 
Command System 

The behavior of th is  system i s  characterized by the smooth and rap id  
short  per iod angle o f  at tack response and the modal residues o f  the poles 

located a t  ~ / T Q ~  and a t  the or ig in .  The p i t c h  r a t e  response i s  characterized 
by an i n i t i a l  p i t ch  r a t e  overshoot followed by a steady s ta te  p i t ch ing  rate; 

no phugoid mode residue i s  evident. 
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Short Term P i t c h  Rate - LOW Term Anqle o f  Attack Command System 

(Configuration 4, 8 )  

The short  term p i t c h  rate, 

i n  Figure 4 below: 

G3 

P1 - 1 / 7 6 *  

60 
ANGLE OF ATTACK POLE-ZERO 

PATTERN 

V n A  
A 

P1 

long term angle o f  at tack system i s  shown 

I t +  

ANGLE OF ATTACK RESPONSE 
TO STEP COMMAND 

PITCH RATE POLE-ZERO 
PATTERN 

PITCH RATE RESPONSE 
TO STEP COMMAND 

Figure 4. Short Term Pitch Rate, Long Term Angle of Attack 
Command System 

The behavior o f  t h i s  system i s  characterized by an angle o f  a t tack  

response dominated by the pole a t  -1hQ2 and can be sluggish. The angle o f  
at tack response remains steady i n  the long term. The p i t c h  r a t e  response is 
i n i t i a l l y  rap id  and dominated by the s ing le pole a t  -pl, but then exh ib i t s  the 

e f fec ts  of a s ign i f i can t  residue a t  the phugoid mode frequency. 
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2.1.3 Configuration Parameter Selection 

A l l  configurations with one exception, Configuration 12, were 

de l ibera te ly  designed with the p i l o t  located a t  the center o f  r o t a t i o n  (i.e., 

percussion) i n  order t o  el iminate the i n i t i a l  accelerat ion experienced by the 

p i l o t  during maneuvering when located somewhere other than the center o f  

ro tat ion.  For a l l  configurations the short  per iod na tu ra l  frequency was held 

constant a t  % = 2 rad/sec, whi le l / T e l  was held constant a t  l /Te l  = 0.1 

rad/sec and the high frequency zero o f  the a/Fs(s) t rans fer  funct ion was 

located f o r  a l l  c g n f i g u r a t i ~ ~  at 11.c This vali ie was r e l a t i v e l y  low 
but yielded a vehicle conf igurat ion having the p i l o t  and center o f  r o t a t i o n  

co-located 

-3.3.  ‘a 

The f i r s t  four configurations 1-4 were chosen t o  have a value o f  

1he2 = 0.5 and the  low frequency numerator zeros o f  the angle o f  at tack 
t ransfer  function were defined t o  have a frequency % o f  0.3 rad/sec with 

Ca = 0.10. For the p i t c h  r a t e  command configuration, the r e s u l t  was a very  
rap id response i n  p i t c h  r a t e  dominated by a pole a t  s = -8.0 wh i le  the angle 
o f  at tack response was sluggish, dominated by the pole a t  s = -0.5 (or 
-l/Te2). The zeros o f  the angle of at tack t rans fer  funct ion meant tha t  large 
phugoid mode residues would appear i n  the a t t i t u d e  and f l i g h t  path response 

f o r  the angle o f  at tack command configurations. The purpose o f  these designs 
were t o  t e s t  the fo l lowing hypothesis: 

1. 

2. 

Although the p i t c h  ra te  response could be very  rapid, the 

vehicle may not be Level 1 i f  the angle o f  a t tack  response i n  

the short t e r m  i s  sluggish. The purpose i s  t o  demonstrate tha t  

the MIL-F-8785(C) short period requirements per ta in  t o  the 

angle of a t tack  response o f  the  vehicle. 

The phugoid mode may be r e l a t i v e l y  high frequency and low 

damping (Wph = 0.3, tph = 0.1) and s t i l l  be acceptable i f  the 
vehicle i s  configured as an angle o f  at tack command system. 
The large phugoid mode residues appearing i n  the a t t i t u d e  and 

f l i g h t  path responses are acceptable t o  the p i l o t  because the 

angle of  a t tack  response i s  w e l l  behaved i n  the long term, a(t) 
exhib i ts  no phugoid mode residue and, therefore, Ae = Ay i n  the 
long term. 
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Configurations 5-8 were designed t o  have a value of l/Te2 = 0.9 and 

low frequency angle of at tack t ransfer function zeros defined by % = 0.1, 
5 = 0.1. The short  term p i t c h  rate response o f  the p i t c h  r a t e  command con- 

f igura t ions  would be slower than those of Configuration 2 or  4, but  the angle 

of a t tack  response would be more rapid i n  the short term. The lower phugoid 
mode frequency located a t  a frequency o f  0.1 rad/sec i s  i d e n t i c a l  t o  the value 

of l/T,1. Therefore, the phugoid mode residue i n  the p i t c h  a t t i t u d e  and 
f l i g h t  path angle responses would be small f o r  a l l  the Configuration 5-8. The 
purpose o f  these select ions were t o  t e s t  the fo l lowing hypothesis: 

1. A p i t c h  r a t e  command configuration would be rated Level 1 i f  the 
angle of at tack response sat is f ied the a,-, vs n/a requ i remnt  o f  

MIL-F-87851C). If true, the f l y i n g  q u a l i t i e s  o f  a p i t c h  r a t e  

command system would be a d i r e c t  funct ion o f  the value o f  1/Te2. 

2. The f l y i n g  q u a l i t i e s  of  a p i t c h  r a t e  command system would 

improve if changes i n  a t t i t u d e  more closely corresponded with 

changes i n  f l i g h t  path angle i n  the long term. This i s  mani- 

fested by a smaller long term residue i n  the angle o f  at tack 

response. 

Configurations 9 and 10 were designed t o  have no phugoid residue i n  
e i t h e r  the p i t c h  ra te  o r  angle of attack response i n  the long term. The low 

frequency zeros of the a /Fs (s )  were given values equal t o  those of  the qfls(s) 

t ransfer functions, i.e., S = 0, -1/Tel. Therefore, the system would be both 

angle o f  at tack and p i t c h  a t t i t u d e  "hold" i n  response t o  p i l o t  commands. This 
k i n d  o f  conf igurat ion i s  feasible with an add i t i ona l  con t ro l  surface such as a 

canard surface with r e l a t i v e l y  low power and low bandwidth character ist ics.  

The n e u t r a l l y  stable phugoid response would appear only i n  the speed change 

degree o f  freedom of motion. The purpose of these conf igurat ions i s  t o  t e s t  

the following: 

1. The p i l o t  would f i n d  quite acceptable, and even pre fer  a 
vehicle tha t  exhibi ted no phugoid wde behavior i n  both a x j k  
o f  at tack and p i t c h  rate. 
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2. By e l im ina t ing  the phugoid mode t o  s t i c k  command inputs, the impor- 
tance o f  the phugoid mode t o  f l y i n g  q u a l i t i e s  can be demonstrated. 

Configurations 11 and 12 were defined as ycg command conf igurat ions 
with respect t o  the center o f  g rav i t y  o f  the a i r c r a f t  but  with the center o f  

r o t a t i o n  located e i t h e r  a t  the p i l o t  s t a t i o n  (34 ft forward o f  the cg) 

(Configuration 11) or a t  the center o f  g rav i t y  (Configuration 12). Both 

conf igurat ions have t rans fe r  functions with two zeros a t  the o r i g i n  o f  the 

i/Fs(s) t ransfer  functions, so the denominator contained a s2 = 0 term. The 
response i n  ycq f o r  the conf igurat ion i n  which the center o f  r o t a t i o n  was 

located a t  the p i l o t  s t a t i o n  (Configuration 11) was non-minimum phase, with a 
t ransfer function zero a t  s = +3.86. A pole was, therefore, placed a t  t h i s  

value re f l ec ted  about the j w  axis, i.e., a t  s = -3.86. This is the pole value 
t h a t  would minimize the non-minimum phase response e f f e c t s  and i s  the value 

tha t  would approximately be achieved if the design were accomplished using 

l i n e a r  optimal cont ro l  methods. Because the +/Fs( s) t rans fer  functions were 
not  ra t i ona l ,  i.e., the numerator and denominator polynomials had the same 

number o f  s ingular i t ies ,  an add i t ion  pole was added a t  s = -2 t o  y i e l d  a 

r a t i o n a l  response t o  a p i l o t  command input.  The purpose o f  these config- 

urat ions was t o  demonstrate tha t  

- 

3 .  A @'command@@ conf igurat ion should be designed independently i n  

the short period and long period dynamics o f  the vehicle. 

Although i t  i s  bel ieved tha t  very  good Level 1 +(t) command 
configurations can be designed, the design should l i k e l y  be f o r  

the short term only, with the long term most e f f e c t i v e l y  

designed as an angle o f  at tack command system, i.e., phugoid 

poles a t  or near the values o f  %, h, zeros. 

2- 12 

1. The s2 = 0 terms, which dominate the long term response, are 

v e r y  detr imental t o  f l y i n g  q u a l i t i e s  even if the nz(t) (and i n  
t h i s  case q ( t )  also) are smooth and w e l l  behaved i n  short  term. 

2. The response closely resembles the behavior o f  a system with a 

transfer function of  a/Fs(s) & K/s, which i s  v e r y  detr imental 
t o  f l y i n g  qual i t ies .  



For Configurations 13 and 14, a t h i r d  value of 1/~,~ = 2.0 was chosen 

as a l a rge  value of 1hQ2. equal t o  the value of the short period frequency and 

r e s u l t i n g  i n  a value of CAP t h a t  would place the configurations i n  the Level 1 
area f o r  the Category C precis ion requirement but i n  the v i c i n i t y  o f  the Level  

1 - Level  2 boundary with respect t o  Category A precis ion requirements. A 
l a rge  value of 1hQ2 was chosen for several reasons: 

1. To determine where the lower  constant CAP boundary was accur- 
a t e l y  defined for both approach and f o r  f l a r e  and landing. 

2. To t r y  t o  he lp  s e t t l e  the controversy of whether the constant 

CAP, q.\ vs n/a requirement of the MIL-f-8785(C) speci f icat ion 

o r  the % T ~ ~  vs csp hypothesis of  the MIL-F-8785 Handbook and 
MIL Standard more accurately defines approach, and f l a r e  and 
landing requirements. 

3. To t e s t  the hypothesis that a p i l o t  might favorably accept a 

dynamical conf igurat ion i n  which the f l i g h t  path and a t t i t u d e  

responses were i n  close coordination during the short per iod 

response o f  the vehicle. Not only d i d  the higher 1 / ~ ~ ~  reduce 

the short period steady state angle of  at tack change required 

t o  maneuver, but a l so  made the p i t c h  r a t e  and angle o f  at tack 

responses dynamically more s im i la r  i n  the short term. 

I t  was f e l t  t h a t  the configurations designed and flown i n  t h i s  program 

would go a long way toward helping the con t ro l  system designer properly 

i n t e r p r e t  the MIL-F-8785( C> requirements. Most of  the configurations are 

designed t o  t e s t  the p r i n c i p l e  that :  

1. The short period requirements of MlL-F-8785(C) apply t o  the 

angle of  at tack response of the vehicle. 

2. I n  the long term the system should be designed as an angle o f  

at tack command system. The phugoid poles should be placed a t  
or near the low frequency zeros of  the a / F s ( s )  t ransfer  
function. 
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3. I f  these object ives are achieved, then the p i l o t  can use the 
p i t c h  response of the vehic le as an e f fec t i ve  surrogate f o r  the 
f l i g h t  path response because the vehic le then f l i e s  propor- 

t i o n a l t o  the d i r e c t i o n  i t  i s  being pointed by the p i l o t .  

w V e r i f i c a t i o n  (Configurations 15,16) 
SP 

Two angle of at tack command conf igurat ions with d i f f e r e n t  short  

per iod frequencies were added as p a r t  o f  the experiment t o  provide ex t ra  data 

t o  fu r the r  ref ine the time domain c r i t e r i a .  These configurations were s i m i l a r  

t o  Configuration 1 except usp= 1 rad/sec f o r  Configuration 15 and w = 3 
rad/sec f o r  Configuration 16. 

SP 

Washout Invest igat ion (Configurations 17-20) 

The previous T I F S k i t c h  Rate program (Reference 5 )  b r i e f l y  i n v e s t i -  

gated the e f fec ts  o f  a washout p r e f i l t e r  on a spec i f i c  p i t c h  r a t e  command 

conf igurat ion (Shutt le Orbi ter) .  I t  was decided t o  make a systematic i n v e s t i -  

gat ion o f  washouts i n  t h i s  experiment. Configuration 1-2-2 o f  the Reference 5 
experiment was chosen as a baseline Level 2 p i t c h  r a t e  command configuration. 

This was ca l led Configuration 17 i n  th is  program. A washout p r e f i l t e r  was 

added t o  the p i l o t  command path with various washout time constants 
(Configuration 18-20). These conf igurat ions d i f fe red  from a l l  others i n  t h a t  

they were mechanized with a q feedback path and a proport ional-plus i n t e g r a l  

i n  the comnand path. 

Time Delay Control S e n s i t i v i t y  Matr ix Configuration Descript ion 

The purpose of t h i s  pa r t  of the t e s t  matr ix was t o  determine the 

e f f e c t ,  i f  any, o f  p i t c h  s e n s i t i v i t y  on t ime  delay f l y i n g  q u a l i t i e s  ef fects .  

The basis of the matr ix was Configuration 6, a Level 1 conventional angle of 

a t tack  c o m n d  system (see Appendix A f o r  step responses). 

Three var ia t ions i n  p i t c h  s e n s i t i v i t y  were chosen during the ca l ib ra-  

t i o n  t e s t  f l i gh ts .  The mid s e n s i t i v i t y  was 0.42 deg/sec2/lb. This value had 

been found t o  be a near optimum s e n s i t i v i t y  o f  wheel con t ro l l e rs  i n  previous 

programs and was v e r i f i e d  as such during the c a l i b r a t i o n  f l i g h t s .  Minimum and 
maximum s e n s i t i v i t y  values were chosen, by f l i g h t  tests, t ha t  would s t i l l  

2- 14 



y i e l d  Level 1 or  border l ine Level 1 f l y i n g  qua l i t i es .  The minimum value 

chosen was 0.25 deg/sec2/lb and the maximum value was 0.63 deg/sec2/lb. These 
values were selected by con t ro l l i ng  the command gain o f  the f l i g h t  c o n t r o l  

system. 

There are a wmber of ways t o  change p i t c h  sens i t i v i t y ,  i.e., 

changing command gain, changing short per iod frequency, changing short  per iod 

damping r a t i o ,  the add i t ion  of p r e f i l t e r s ,  etc. I t  was f e l t  then no matter 

what the method of changing sens i t i v i t y ,  the r e s u l t  i s  much the same t o  the 

p i l o t .  The command gain method of changing s e n s i t i v i t y  was chosen as i t  
tended t o  b e t t e r  i s o l a t e  the ef fects of s e n s i t i v i t y  while keeping other c r i t i -  

c a l  f ac to rs  constant. 

The minimum t ime  delay o f  Configuration B as implemented i n  TIFS was 
150 ms (measured from the t ime o f  wheel force app l ica t ion  t o  maximum slope 

in te rcep t  o f  the resu l tan t  TIFS p i t c h  r a t e  response). Addi t ional  t ransport  

t ime  delays o f  100 ms and 200 ms, respectively, were added t o  provide three 

l e v e l s  o f  t ime  delay; 150 ms, 250 ms, and 350 ms. 

The th ree  l eve l s  of  s e n s i t i v i t y  were used with the three l eve l s  o f  

time delay t o  obtain the matr ix of  Table 1. 

There was a lso  i n t e r e s t  i n  observing the dif ference, i f  any, i n  t ime  

delay e f f e c t s  between conventional angle o f  at tack command and p i t c h  r a t e  

command f l i g h t  con t ro l  systems. A Level 1 p i t c h  r a t e  system, Configuration 

17+LL, was chosen as a baseline f o r  an add i t i ona l  3x3 matrix. During the 

e a r l y  p a r t  o f  the program the 350 ms t ime  delay por t ion o f  the matr ix was 

flown and the r e s u l t s  were so s imi lar  t o  those o f  the angle o f  at tack command 
m a t r i x  t h a t  the balance o f  t h i s  p i t c h  r a t e  command matrix was not  flown. 

Table 1 a lso  shows those three high t i m e  delay configurations. 
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Table 1 
TIME DELAY/SP(SITIVITY WTRIX 

CONFIGURATION 
NLMBER 

~ 

B 

21 
22 
23 

24 
25 

26 
27 

28 
17+LL 

2% 
2% 

2aA 

Thro t t l e  Response 

FLIGHT CONTROL 
SYSTEM 

B 

6 
6 
B 

B 

B 

6 
B 

B 

17+LL 

17+LL 
17+LL 

17+LL 

0.42 
0.42 
0.42 
0.25 

c.25 
0.25 

0.63 
0.63 

0.63 
0.42 

0.42 
0.25 

0.63 

TIME DELAY 

(ms1 

150 
250 

350 
150 

25G 
350 

150 
250 

350 
150 

350 
350 

3 50 

The matrix o f  con t ro l  effectiveness terms f o r  t h i s  experiment was 

chosen such tha t  a t h r o t t l e  te rm appeared only i n  the i/ equation. I n  other 
words, i t  was assumed tha t  the th rus t  acted through the vehicle center o f  

g rav i t y  al igned with the l ong i tud ina l  a x i s  of  the airplane. The responses of 
the vehic le variables t o  a t h r o t t l e  command then depended only upon the aero- 

dynamic coupling between the speed change degree of freedom o f  motion and the 

other degrees of freedom. The e f f e c t  of the d i f f e ren t  f l i g h t  c o n t r o l  system 
designs i s  t o  produce near-decoupling of the speed response from the remaining 

states f o r  some of the configurations. Configurations 9 and 10, f o r  instance, 

are completely decoupled dynamically; a t h r o t t l e  input  produces only a speed 
change w i th  no change i n  a t t i t u d e  or  f l i g h t  path angle. 
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2.2 DETAILED CONFIGLRATICN DESCRIPTIONS 

2.2.1 Introductiun 

As previously mentioned, most o f  the l ong i tud ina l  charac ter is t i cs  o f  

the conf igurat ions were defined by exact pole and zero placement and not  by 

de f i n ing  an aerodynamic model with various con t ro l  systems. Once s p e c i f i c  

poles, zeros, and gains were chosen for each t rans fer  funct ion o f  a con- 

f igurat ion,  a phase var iable canonical transformation was performed on these 

t rans fe r  funct ions t o  convert them t o  l inear ,  s ta te  space matrix-vector repre- 

sentations which defined the longi tud ina l  equations o f  mot ion o f  the a i r c r a f t .  
The conf igurat ions which were based on spec i f i c  aerodynamic conf igurat ions 

were f i r s t  l i nea r i zed  and then l i nea r  F and G matrices were obtained f o r  them. 

The Configurations 1-14 were f i r s t  defined i n  the frequency domain as 

t rans fe r  functions. I t  was a r e l a t i v e l y  easy matter t o  define the pole-zero 

cance l la t ion  t rans fer  function and the short per iod frequency constraints o f  

the conf igurat ions using t h i s  method. The set of t rans fer  functions f o r  a 

p a r t i c u l a r  conf igurat ion were then assembled as a transformation associated 

with a phase var iab le  canonical form. With the transformation defined, the 

system o f  t rans fer  functions were transformed i n t o  the time domain f o r  mech- 

an iza t ion  i n  the TIFS computer i n  the fami l iar  s ta te space or matrix-vector 

format 

Equation (1) can be transformed into the phase var iable canonical form 

using a l i n e a r  transformation 

2- 17 



i n  which the  matrices A and B are  o f  the  form 

A =  B =  

The coe f f i c i en ts  o f  the m a t r i x  A are  determined from the character- 

i s t i c  polynomial of the equations of motion 
n n-1 + IIS-F~ =s + an - 1s .... a1 s + a. 

The transformation matr ix T i s  obtained from the  re la t i onsh ip  

adj TS = [IS-FJ G 

( 5 )  

where [1s-Fladj represents the adjugate of the mat r ix  [Is-F] and S i s  the 

column mat r ix  ST = s s2 .... sn-l]. 

A row o f  the m a t r i x  T, therefore, i s  composed of the c o e f f i c i e n t s  of 
the  numerator polynomial o f  a t ransfer function of the system. I f  the  system 
o f  Equation (1) i s  completely cont ro l lab le  and observable, the square trans- 

formation m a t r i x  T i s  non-singular and the inverse o f  T ex is ts .  The transfor- 

mation from the t rans fer  function or phase var iab le  form o f  Equation (2) and 

(3) t o  the  s ta te  space form o f  Equation (1) is simply given by 

;(t) = T A T- lx( t )  + T B u( t )  

= F X ( t )  + G U ( t )  (7) 

Systems with mu l t i con t ro l l e r  inputs, such as a s t i c k  and t h r o t t l e  can 
be e a s i l y  accomodated by de f i n ing  a separate transformation T i  f o r  each 

c o n t r o l l e r  U i .  The o r i g i n a l  system o f  Equation (1) i s  w r i t t e n  as 
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For each inpu t  U i  a separate transformation T i  i s  defined repre- 

senting the transfer functions o f  the states f o r  a p a r t i c u l a r  i npu t  U i .  A 
t o t a l  o f  p transformations are defined from the t rans fer  functions o f  the p 

inputs. The transformation from these t rans fer  functions t o  the s tate space 

equations i s  then defined by 

P P 

Therefore, t rans fer  functions with respect t o  a t h r o t t l e  command 

i n p u t  can be defined independently o f  those with respect t o  a s t i c k  command. 
The only requirements (other than c o n t r o l l a b i l i t y  and observab i l i t y )  i s  t h a t  

the poles of the s t i c k  and t h r o t t l e  t ransfer functions be i n  common. 

Example 

A simple example of the use o f  the phase var iable transformation i s  

given below. Assume i t  i s  desired t o  f i n d  the augmented equations o f  motion 

tha t  would y i e l d  the fol lowing transfer functions t o  an elevator and a d i r e c t  

l i f t  surface 

e U 

+SI = 
s2 + 2r;wn s + 4 

From these t rans fer  functions, the matrices A and T are defined 
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or  

- l / T  -1 

[ f ] = [ 1: ;] [ ‘1 + [“SI... 
Not only can the transformation described above be used t o  f i n d  the 

equation o f  motion equivalent t o  a set  of t rans fer  functions, but as described 

i n  Reference 14, a transformation s im i la r  t o  the phase var iab le  transformation 
be used t o  define f i l t e r s  or observers. Those observers are then used t o  

def ine a c o n t r o l  law f o r  any a i r c r a f t  t ha t  can place a l l  the poles o f  a system 

i n  accordance with the requirements of MIL-F-8785(C) using a minimum number o f  
sensors and without increasing the order of the closed-loop response t o  a 

p i l o t  comnand or  other  input  t o  the system. 

Though most of  the configurations were defined o r i g i n a l l y  by poles 

and zeros, the general charac ter is t i cs  o f  a l l  o f  the configurations were those 

o f  a medium transport a i r c r a f t .  The l a te ra l /d i rec t i ona l  charac ter is t i cs  were 
those used i n  a previous TIFS program (Reference 5 ) .  A t ransport  type wheel/ 

column and rudder pedal f e e l  system were a lso  used. 

Command gains were chosen dur ing the checkout phase o f  the program t o  

y i e l d  i n i t i a l  p i t ch  s e n s i t i v i t i e s  t h a t  were t y p i c a l  o f  a t ransport  a i r c r a f t .  

I t  turned out tha t  a nominally good value fo r  the p i t c h  s e n s i t i v i t y  y ie lded a 

maximum p i t c h  acceleration of approximately 5 deg/sec2 f o r  a 10 pound step 

input.  command gains were adjusted on a l l  o f  the configurations (except those 
which s p e c i f i c a l l y  had s e n s i t i v i t y  var ia t ions  as an experiment variable) t o  

y i e l d  t h i s  nominal i n i t i a l  s e n s i t i v i t y .  I t  should be noted tha t  f o r  con- 
f i gu ra t i ons  with large p i t c h  ra te  overshoot the constant i n i t i a l  p i t c h  accel- 

e ra t i on  resu l ted  i n  these configurations having higher steady s tate forces i n  
a p i t c h  maneuver. Steady s tate p i t c h  forces were el iminated i n  turns with a 
system tha t  automatically inserted the proper amount o f  p i t c h  command t o  y i e l d  

the normal acceleration as function of  bank angle t o  ho ld  a l t i t u d e .  
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The gain and r e a l  r o o t  of the angle of a t tack  t rans fer  function were 

chosen f o r  most of t h e  configurations t o  put the instantaneous center of 

r o t a t i o n  a t  the p i l o t  posi t ion,  which was 33.8 ft. forward o f  the center o f  

g r a v i t y  i n  the TIFS. This was done t o  el iminate from the evaluations the lead 

t h a t  one gets from ac t ing  through the lever  arm distance o f  the center o f  

r o t a t i o n  t o  p i l o t  posi t ion.  The configurations which had d i f f e r e n t  centers o f  

r o t a t i o n  are ind ica ted  i n  the following summary. 

2 D 2  2 Lonqi tudinal Configurations 

A b r i e f  summary o f  the speci f ic  conf igurat ions are now presented, 

followed by the complete transfer functions and F and G matrices. Table 2 
l i s t s  a summary of the configuration charac ter is t i cs .  

Configuration 6 

This was a baseline conventional a i rp lane conf igurat ion that  was 

chosen t o  y i e l d  Level I f l y i n g  qual i t ies ,  about which t ime delay and p i t c h  

s e n s i t i v i t y  va r ia t i ons  could be made t o  i nves t iga te  t h e i r  e f f e c t s  on f l y i n g  

qua l i t i es .  and Mq 
der iva t ives  i n  order t o  achieve an w - 2 rad/sec and a ssp = .7, l / ~ e 2  = .75 
N,/a = 5.3. The instantaneous center o f  r o t a t i o n  was 22.2 ft a f t  o f  the 
p i l o t .  

I t  was based on a TIFS aerodynamic model with increased 

SP - 

Configurations 1-8 

Form basic set t o  evaluate d i f f e r e n t  command response types. 
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Table 2 
CONFIGIRATION CHARACTERISTICS 

CONFIGLRATION - 
B 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 thru 20 

21 thru 28 

- 
(3) 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

3 

2.9 

2 

2.9 

.7 

.7 

2.1 

.? 

1.3 

.7 

1.3 

.7 

1.3 

.7 

1.3 

.7 

.7 

.7 

1.3 

.7 

.7 

.78 

.7 

.78 

.75 

.5 

.5 

c; .J 
.5 

.9 

.9 

.9 

.9 

.5 

.5 

.5 

.5 

2 

2 

.35 

1 

.72 

.75 

.72 

- Note: Configurations with phugoid character is t ics  
l i s t e d  as (-1 have r e a l  roots  where indicated. 

= 0.1 f o r  Configurations 1-14 

5.3 

3.5 

3.5 

3.5 

3.5 

6.3 

6.3 

6.3 

6.3 

3.5 

3.5 

3.5 

3.5 

14. 

14. 

2.5 

7 

5 

5.3 

5 



6. qcmd 

7. a/q cmd 

Confiqurations 9 ,  10 

The low frequency (phugoid) response i s  eliminated i n  both q and a by 

proper zero locations based on Configurations 1, 2. 

9 .  a cmd - low frequency zeros of q and a a t  ( - l / T e l ,  0) = (.1, O), 

10. q cmd 
l / T q  = .5, NZ/a = 3.5 

18 

Configurations 11, 12 

Investigate (or  NZ) command systems referenced t o  different 
locations, a l l  w i t h  asp = 2, c = .7, l / T q  = .5, N ~ / ~  = 3.5. 

11. + cmd w/r/t CG - CR a t  p i l o t  
12. cmd w/r/t CG - CR a t  CG 33.8 f t  a f t  o f  pi lo t  

Configurations 13, 14 

Investigate the use of direct  lift control t o  increase effective 1/TQ2. 

13. a cmd 
14. q Cmd 

h i  l / ~ @ ~  = 2, osp = 2, 5 = .7, N z / ~  = 14 
h i  l / T q  = 2, osp = 2, r; = 1, NZ/a = 14 

Configurations 15, 16 

Short period frequency variations t o  gather data for f l y i n g  qua l i t i es  
time history c r i t e r i a  refinement. 

15. a cmd wSp = 1, 5 = .7, Oph = .3 ,  l / T q  = -35, NZ/a = 2.5 

(Was n o t  flown and w i l l  n o t  be discussed further) 
16. a cmd a s p  = 3, c = .7, Oph = - 3 ,  1 / T q  = 1-09 NZ/a = 7.0 
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Configurations 17-20 

Invest igate the .ef fect  of various washout p r e f i l t e r s  on a Level  2 
conf igurat ion f r o m  the previous p i t c h  r a t e  program (Reference 5 ,  Configuration 

1-2-2). Instantaneous center of r o t a t i o n  was 14 ft a f t  o f  the p i l o t .  

These configurations d i f f e r  from a l l  the others i n  t h a t  they are 

mechanized with a q-feedback path and a propor t iona l  p lus  i n t e g r a l  i n  the 

command path: 

KL = 4 

KI = 2 
Washout = (s)/(s + lhw0) 

17. (1-2-2) osp = 2.8, 1 / ~ ~ ~  = -7, NZ/a = 5 No washout (W.O.) 

18. W.O. l / ~ w o  = -05 

19. W.O. l h w o  = .10 

20. W.O. 1/Two = 020 

Configurations 21-28 

Time delay and c o m n d  gain ( s e n s i t i v i t y )  var ia t ions  on a baseline 

Level 1 conventional a i rp lane configuration t o  gather data f o r  c r i t e r i a  

refinement . 
21. 

22 . 
23. 

24. 
25. 

26. 

27. 

28. 

Configuration B - nominal s e n s i t i v i t y  with 100 ms ext ra delay 
n 200 ms 

.6(Nominal) s e n s i t i v i t y  0 ms 

100 ms 
200 ms 

l.S(Nornina1) s e n s i t i v i t y  0 ms 

100 ms 
200 ms 

88 88 

m n 

nn n 88 

nn n 88 

I 8@ 

n 88 88 

no N N 
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The time d e l a y / s e n s i t i v i t y  c o n f i g u r a t i o n  matrix is shown below: 

S e n s i t i v i t y  

.6(Nominal) 
Nominal 
1.5( Nominal) 

? 

Ext ra  time delay (ms) 

0 +loo +200 
-. 

23 24 25 

B 21 22 

26 27 28 
I I I 

~~ 

S e n s i t i v i t y  

.6( Nominal) 
Nominal 
1.5( Nominal) 

The b a s e l i n e  conf igu ra t ion  had an e f f e c t i v e  time delay o f  150 ms so 
the  i n c r e a s e d  time delay c o n f i g u r a t i o n s  had effective time delays o f  250 and 
350 ms. The three v a l u e s  o f  s e n s i t i v i t y  were d e f i n e d  du r ing  checkout phase o f  
t h e  program and were chosen t o  span a range of sensitivities which would still 
y i e l d  Level I f l y i n g  qual i t ies  w i t h  t he  minimum time delay va lue .  

~ 

0 +loo +zoo 

234 24A 2% 

17 + L/L 2l.A 22A 

26A 27A 28A 

Four a d d i t i o n a l  c o n f i g u r a t i o n s  were added dur ing  t h e  e v a l u a t i o n  phase 
o f  the program t o  gather time d e l a y / s e n s i t i v i t y  data on a p i t c h  ra te  command 
type  a i r p l a n e .  The b a s e l i n e  c o n f i g u r a t i o n  chosen f o r  t h i s  s e t  was 
Conf igu ra t ion  17 w i t h  a lead/ lag  f i l t e r .  , T h i s  was Conf igura t ion  4-2-2 o f  t h e  
p rev ious  T I F S b i t c h  Rate program. The b lock  diagram o f  t h i s  c o n f i g u r a t i o n  i s  
t h e  same as  tha t  shown above f o r  Conf igu ra t ion  17 wi th  a lead/lag f i l ter :  
(1.22 s + I)/( .5 s + 1) replacing the washout block. The nominal command g a i n  
had t o  be reduced by a f a c t o r  of .5/1.22 t o  keep t h e  i n i t i a l  sensitivity t h e  

same. 

The time delay/sensit ivity c o n f i g u r a t i o n  matrix based on 
Conf igu ra t ion  17 + Lead/Lag ist 

I Ext ra  time delay (ms) I 

O n l y  Conf igura t ion  17 + Lead/Lag, 22A, 25A, and 28A were flown. 
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2.2.2.1 Transfer Functions 

This section presents a tabu la t ion  of the t rans fer  functions of each 

configuration. I t  i s  w r i t t e n  i n  the shorthand no ta t ion  where: 

K(a)[s, w] i s  equivalent t o  K(S + a)[s2 + 2 ~ 0 s  + w2] 

The transfer functions are a l l  with respect t o  force i npu t  (FEs). 

The fo l low ing  factors are found i n  each configuration and are no t  l i s t e d  i n  

the i n d i v i d u a l  t ransfer  functions: 

Feel system: 202/[.7, 201 
Gradient: 1/12 i n / l b  

Actuator: 202/[.7, 201 

The command gain, Kc (deg/inch), i s  l i s t e d  separately f o r  each 

conf igurat ion and should mu l t i p l y  the gain of each numerator. The command 

gain was chosen t o  y i e l d  the same maximum 4 f o r  each conf igurat ion f o r  a step 
input  (see t i m e  h i s t o r i e s  i n  Appendix A). A pure t ranspor t  time delay o f  60 

ms should a lso  be added t o  each t rans fe r  function t o  take i n t o  account model 
fo l low ing  lags i n  the TIFS. This 60 ms delay has been added i n  the time 

h i s t o r i e s  shown i n  Appendix A. 

The ve loc i ty  numerator t o  s t i c k  command inpu t  i s  the same f o r  a l l  

configurations (except f o r  B, 17-20, 17 + Lead/Lag, 21-28 and 2lA-28A). 

Nv = -.05(1)(-15) 

Configuration B Baseline conventional a i rp lane w = 2, ssp = 97, 
SP 

l/Tq = .75, Oph = -16 

Kc = -3.3 

Nq = 19.5(0)( .069)( e751 

N, = 1.(21.1)[.09, .19] 

Nv = -e33 (1.68)(5.03)(-3.10) 

D = [.7, 21 [ .095, .16] 
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Configuration 1 

Configuration 2 

Configuration 3 

Configuration 4 

Configuration 5 

a-cmd, wsp = 2, ssp = .7, = .5 ,  oph = .3 

Kc = -7.8 

Nq = -1(0) ( .1) (*5)  
Na = -*15(3*7)[.1, -31 

0 = C.7, 2][.l, .3] 

q-cmd, wsp = 2, 6sp = 2.1,  l/Tg* = .5 

Kc = -11.7 
Nq = -1(O)( el)( - 5 )  

Na = -*15[3.7)[.1, -31 

Kc = -7.8 
Nq = -1 (0 ) ( .1 ) ( -5 )  
Na = -.15(3.7)[.1, -31 

Kc = -11.7 

Nq = -1(0) ( .1) ( .5 )  
N, = -.15(3*7)[.1, -31 

D = [.7, 23 [.l, .l] 
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Configuration 6 

configuration 7 

Configuration 8 

Confiquration 9 

Configuration 10 

u,  q decoupled from phugoid a-cmd, wsp = 2, l/Te* = .5 

Kc = -7.8 

Nq = -1(0)(.1)(.5) 
Na = -.15(0)(.1)(3.7) 

D = (0)(.1)[.7, 23 

a, q decoupled from phugoid, q-cmd, usp = 2, l/Te2 = .5 

Kc = -11.7 

Nq = -1(0)(.1)(.5) 
Na = -.15(0)( .1)(3.7) 

D = (0)(.1)(.5)(8) 
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0 

Configuration l1 Y-Cmd p i l o t  a t  CR, 34' fwd o f  CG, wsp = 2, 1/TQ2 = .5 

Kc = -40 

Nq = -1(0)(*1)(.5) 

Na = -.15(3,7)[.1, -31 

Nn = -.018(0)(0)( .955)(-3.86) 

D = (0)(0)(.955)(3.86)(2) 

ZCG 

0 

Configuration 12 Y-cmd p i l o t  34' fwd o f  CR, CR a t  CG, w = 2, l/Te2 = .5 
SP 

Kc = -25.48 

Nq = -1.(0)(.1)(.5) 

Na = -.555 [.l, .3] 

Nn 

D = (0)(0)(1.274)[.7, 23 

= - .055( 0) (0) (1 -274) 
ZCG 

Configuration 13 High l/Te2 = 2, a-cmd,' wsp = 2, csp = .7 

Kc = -7.8 

Nq = -1(0)(.1)(2) 

Na = -.15(3+7)[.1, m3-J 

D = C.7, 21 C.1, -31 

Confiquration 14 High 1hQ2 = 2, q-cmd, wSp = 2, cSp = 1 

Kc = -7.8 

Nq = -1(0)(.1)(2) 

Na = -.15(3.7)[.1, 031 
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Configuration 15 Not  flown 

Configuration 17 Configuration 1-2-2 of  previous T I F S h i t c h  Rate 
program with no washout 

Kc = -1.7 
Nq = -1417(0)( .056)( .72)(2) 

N, = -129.5( 11.4)(2) c.106, 

N, = -12.3( .878)(2)(-54) 
.2] 

D = (0)(.052)(.82)[.78, 2.91C.7, 17.11 

NOTE: [.7, 17.11 i s  the actuator pole which has migrated from C.7, 20) 
as i t  is now i n  the loop. 

Confiquration 17 + LeadLag Configuration 4-2-2 o f  previous T I F S k i t c h  Rate 
program where lead/lag i s :  

(1.22 s + 1>/(.5 s + 1) = 2.44 (S + .82)/(~ + 2) 

Kc = -.74 
Nq, Nor, Nv - same as Configuration 177 

wi th  2.44 (.82) fac to rs  2.44 ( s  + .82) 1 ( (s + 2) 
D = same as Configuration 17 

with (2.) f ac to r  J 
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Configuration 18 Configuration 17 w i t h  l / ~ ~ ~  = -05 

Kc = -1.7 . 

1 S 
Nq, Na, Nv - same as  Configuration 17 w i t h  (0) factor  

s + .05 D = same as Configuration 17 w i t h  (.05) factor  

Configuration 19 Configuration 17 w i t h  l / ~ ~ ~  = .1 

Kc = -1.7 

Nq, Na, Nv - same as Configuration 17 w i t h  (0) factor  

D = same as  Configuration 17 w i t h  (.1) factor  

Configuration 20 Configuration 17 w i t h  l / ~ ~ ~  = .2 

Kc = -1 e 7  

Nq, Na, Nv - same as  Configuration 17 w i t h  (0)  factor  

D = same as Configuration 17 w i t h  ( .2 )  factor  

S 

Configurations 21-28 T i m e  Delay/Sensitivity variations based on a 
conventional airplane 

These configurations are ident ical  t o  t h e  previously described 
Configurations B except for  the  command ga in ,  Kc and extra  time delay above 
t h e  baseline 150 ms. 

Config 21 = 
Config 22 = 
Config 23 = 
Config 24 = 
Config 25 = 

Config 26 = 
Config 27 = 
Config 28 = 

Config B wi th  Kc = -3.3, +lo0 ms delay 
Config B with Kc = -3.3, +200 ms delay 
Config 6 with K, = -2.0, +O ms delay 
Config 6 with  Kc = -2.0, +lo0 ms delay 
Config B wi th  Kc = -2.0, +200 ms delay 
Config B wi th  Kc = -5.0, + 0 ms 
Config 6 with Kc = -5.0, +la0 ms delay 
Config 6 with  Kc = -5.0, +200 ms delay 

2-31 



Configurations 21A-28A Time Delay, S e n s i t i v i t y  va r ia t i ons  based on the p i t c h  
r a t e  command system. 

I 2-32 

These configurations are i d e n t i c a l  t o  the previously described 
Configuration 17 + Lead/Lag except for  the command gain, Kc, and ex t ra  t i m e  
delay above the  baseline 150 ms. 

where the state vector X = q, deg/sec I V, ft/sec : 0 ,  deg 

a ,  deg 

Config 2lA = 
Config 224 = 
Config 2% = 

Config 2% = 
Config 26A = 
Config 27A = 
Config 28A = 

Config 24iq = 

Config 17 + L/L with Kc = -.74, +lo0 ms 

Config 17 + L/L with Kc = -.74, +200 ms 

Config 17 + L/L with Kc = -.44, +O ms 

Config 17 + L/L w i th  Kc = -.44, +ZOO ms 
Config 17 + L/L with K, = -1.11, +o ms 
Config 17 + L /L  w i th  Kc = -1.11, +lo0 ms 

Config 17 + L/L with Kc = -1.11, +ZOO ms 

Config 17 + L,4 wit!? K c  = -.44, +1% 

Only Configurations 22A, 25A, and 28A were flown. 

2.2.2.2 Matrix-Vector Representation 

This section presents the l i nea r i zed  model equations o f  motion i n  the 

form of: . 
X = FX + GU 

the control  vector u = be, degl 

I n  addition, each conf igurat ion has a second order f e e l  system 
( 5  = .7, w = 20 rad/sec) and a second order actuator ( 6  = .7, w = 20 rad/sec) 

and a command gain Kc (deghnch). The f e e l  system gradient i s  12 l b / i n  f o r  
a l l  configurations. There i s  a lso  an add i t i ona l  60 ms of pure transport time 

delay t o  take i n t o  account model fo l lowing lags i n  the TIFS. 



The F and G matrices f o r  each 

F =  

I; 

r 

-8 0000 .oooo . 0000 . 0000 
1.0000 .oooo .oooo . 0000 
- 6365 -0396 -e5967 -e0371 
-e1440 -1.3427 1.2930 -00033 

o f  the configurations are presented: 

+ G 6e 

Configuration B Baseline conventional airplane, wsp = 2, l/Tq = .75 

[-1.9000 .OOOO -2.2900 .0246 1 
1.0000 .oooo .oooo .oooo 
1.0000 .OOOO -e9010 -e0711 

.OOOO -e5614 .2618 -.0382 

Confiquration 1 a-cmd wsp = 2 

i -1.4047 -. 1536 -5.7022 -0896 

F = [  1.0000 . 0000 .oooo . 0000 
.3528 e0165 -1.4520 -a0237 

-.1440 -1.3427 1.2930 -.0033 1 

Configuration 2 q-cmd wsp = 2 

Configuration 3 a19 wsp = 2 

1 -1.5868 -e5784 -4.7550 -e3556 

1.0000 . 0000 .oooo .oooo 
.3255 -.0472 -1.3099 -.0905 I 

-.1440 -1.3427 1.2930 -.0033 I 

G =  

1.9500 1 Kc = -3.3 
. 0000 
-. 1010 
-e0326 ] 

G =  

-1.0000 
. 0000 
-. 1500 
. 0000 

l/Tq = .5 

K, = -7.8 1 

KC = -11.7 

-1.0000 Kc = -7.8 
. 0000 7 

- 1500 
. 0000 
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Conf igurat ion 4 d a  wsp = 2 

I 

F =  

- - 
-8 1720 - 4709 1 4131 5428 

1.0000 . 0000 .oooo .oooo 
-e6623 -e0311 -.3847 -0443 
- 1440 -1 3427 1.2930 - .0033 - - 

I Conf igurat ion 5 a-cmd wsp = 2 

-1 0030 0652 -5 4467 -0205 
1.0000 .oooo .oooo .oooo 

e3930 -e0302 -1.7197 -.0085 
.0216 -.8224 -1894 -a0973 

Configuration 6 q-cmd wsp = 2 

-4.4000 .OOOO .OOOO .OOOO 1 
1.0000 .oooo .oooo .oooo 
-.1166 -e0400 -.go27 -e0115 

e0216 -.a224 -1894 -e0973 

Conf igurat ion 7 a/q wsp = 2 

-1.1634 -.2828 -4.9108 -.0706 f 
1.0000 .oooo .oooo .oooo 

-3689 -e0824 -1.6393 -e0221 
m0216 -e8224 -1894 -e0973 

I Conf iqurat ion 8 d a  wsp = 2 

1 -4.3232 -3206 -0216 SO914 
F = [  1.0000 .oooo .oooo .oooo 

-e1051 -0081 -.a995 -0022 

.0216 -.a224 .1894 -.0973 1 

= .5 

G =  

Kc = -11.7 
0000 

- 1500 

. 0000 

l/?q = .9 

G =  . 0000 
- 1500 

. 0000 

G =  

-1.0000 

. 0000 
-. 1500 

. 0000 

l / T g  = .9 

1 Kc = -9.1 

1/Te2 = .9 

G =  

*1.0000 f K, = -7.8 
. 0000 

- 1500 
. 0000 

1/TQ2 = .9 

G =  

-1.0000 Kc = -11.7 1 . 0000 

-. 1500 
1 .OOOO j 
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Configuration 9 a-cmd uncoupled from phugoid 

- 
-1.0000 

e 0000 
- 1500 

. 0000 - 

-1.4094 .OOOO -5.9376 .OOOO 1 G =  I= [  1.0000 . 0000 .oooo .oooo 
3436 .OOOO -1.3906 .OOOO 

-.1922 -1.5000 1.6146 -.lo00 

Kc = -7.8 

conf igura t ion  10 q-cmd uncoupled f rom phugoid 

- 
-1.0000 

. 0000 
- 1500 
. 0000 

d 

-8 0000 .oooo .oooo 
F = [  1.0000 .OOO@ .oooo 

- 6450 .OOOO -.5000 
-e1922 -1.5000 1.6146 

Kc = -20 

.oooo 1 

-*loo0 ] I G =  

.oooo 
0000 

Confiquration 11 i-cmd CR a t  Pilo, 34' fwd o f  CG 

-3 7590 .3405 -3.0348 -. 1796 1 

1 G =  

F = [  1.0000 . 0000 .oooo .oooo 
- 0005 .BO7 -1.0519 -e0641 
-e1440 -1,3427 1.2930 -e0033 

a lso  requires 2/(s + 2) p r e f i l t e r  

Configuration 12 i-cmd CR a t  CG 34. a f t  o f  p i l o t  

-2.2000 e0815 -4.8569 -e3184 
1.0000 0000 .oooo .oooo 
.5550 -0261 -e5837 -e0372 

.0500 -1.3336 1.0891 -e0163 

also requires 1.274/(s + 1.274) 

~1.0000 

. 0000 
- 1500 
. 0000 

Kc = -11.7 

-1.0000 
. 0000 

G = [  . 0000 

. 0000 

p r e f i l t e r  

Kc = -20 I 
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Configuration 13 

F =  

.6294 
1.0000 
.6266 
.2751 

Configuration 14 

F =  

-2 c 0000 

1.0000 
.2322 
.2761 

a-cmd h igh  1/Te2 = 2 

- 1467 -9 2630 - 1766 
. 0000 .oooo .oooo 

- 0514 -3 2772 - 1602 
-e4206 -1.5010 -e2122 

0000 'OOOC! .O@OO 
. 0000 .oooo .oooo 

- 0294 - 1 8878 - .1337 
-e4206 -1.5010 -e2122 

Configuration 15 a-cmd wsp = 1 l / T q  = .35 

F =  

- -8546 - 1724 - 1 0357 0429 
1.0000 . 0000 .oooo .oooo 
.4445 e0461 -e6635 -e0241 

-.2672 -1.7754 2.1148 -0581 

Configuration 16 a-cmd wsp = 3 l / T q  = 

-1.0121 -e0585 -14.3193 -1176 
F = [  1.0000 .oooo .oooo .moo 

3972 - 0135 -3 1479 - 0479 
-0500 -e7500 .oooo -.loo0 

G =  

G =  

G =  

.o 

G =  

-1.0000 

. 0000 
- 1500 
. 0000 

-1.0900 

0 0000 
- 1500 
. 0000 

-1.0000 

. 0000 
-. 1500 
. 0000 

- 1.0000 

. 0000 
- 1500 
. 0000 

Kc = -7.8 

K, = -7.8 

Kc = -7.8 

K, = -7.8 

Configurations 17-20 Based on previous T I F S k i t c h  Rate Configuration 
1-2-2; I t  has loop gain KL = 4, i n t e g r a l  gain 
KI = 2 (see block diagram i n  previous section) 

F =  

Vlaugmented F and 

-.4880 .OOOO -5200 .0053 
1.0000 .oooo .oooo .oooo 
1.0000 .OOOO -a6870 -e0740 

.OOOO -95610 -0950 -.0460 

G: 

G =  

- 8860 
. 0000 

-.0810 
. 0000 
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Configuration 17 with no washout Kc = -1.7 

configuration 17 + Lead/Lag Same a s  Configuration 4-2-2 of previous TIFS/ 

P i t c h  Rate program, uses F and G of 17 

requires (1.22 s + 1)  ( . 5  s + 1)  p r e f i l t e r  K, = -.74 

Configuration 18 Configuration 17 + washout l / ~ ~ ~  = .05 

requires s/(s + .05) p re f i l t e r  Kc = -1.7 

Configuration 19 Configuration 17 + washout l / ~ ~ ~  = .10 

requires s/(s + . lo)  p re f i l t e r  Kc = -1.7 

Configuration 20 Configuration 17 + washout l / ~ ~ ~  = .20 

requires s/(s + .20) p re f i l t e r  K, = -1.7 

Configurations 20-28 T i m e  de lay /sens i t iv i ty  var ia t ions  based on conventional 
Configuration B. F and G matrices a re  the same a s  those 
for  Configuration 9. 

Configuration 21 = Configuration 6 w i t h  Kc = -3.3, +lo0 ms 

Configuration 22 = Configuration 6 w i t h  K, = -3.3, +200 ms 

Configuration 23 = Configuration B w i t h  K, = -2.0, +O ms 

Configuration 24 = Configuration 6 i w t h  Kc = -2.0, +lo0 ms 

Configuration 25 = Configuration 6 w i t h  K, = -2.0, +200 ms 

Configuration 26 = Configuration B w i t h  K, = -5.0 +o ms 

Configuration 27 = Configuration 6 w i t h  K, = -5.0 +lo0 ms 

Configuration 28 = Configuration 6 w i t h  K, = -5.0 +zoo ms 

2-37 



Configurations 21A-28A Time delay/Sensi t iv i ty va r ia t i ons  based on p i t c h  r a t e  

command Configuration 17 + LeadAag. F and G matri- 
ces are the same as those f o r  Configuration 17 + 

LeadAag . 
Configuration 21A = Configuration 17 + L/L with K, = -.74, +loo ms 

Configuration 224 = Configuration 17 + L/L with Kc = -.74, +200 ms 

Configuration 2% = Configuration 17 + L/L with K, = -.44, +o ms 

Configuration 24A = Configuration 17 + L/L with K, = -.44, +loo ms 

Configuration 2% = Configuration 17 + LA with Kc = -.44, +200 ms 

Configuration 26A = Configuration 17 + LA with Kc = -1.11, +O ms 

Configuration 27A = Configuration 17 + L h  with Kc = -1.11, +lo0 ms 

Configuration 28A = Configuration 17 + LA with Kc = -1.11, +200 ms 

Time h i s t o r i e s  for  a 10 pound FES step (5  sec in ,  5 sec out) are 
shown i n  Appendix A .  Also presented are the f i r s t  one second o f  the t ime  
h i s t o r i e s  on an expanded scale, so the e f fec t i ve  time delay i n  the responses 

can be seen. The e f fec t i ve  t i m e  delay i n  the p i t c h  r a t e  response (maximum 
slope in te rcep t  method) is shown i n  Table 3 .  



fable 3 
MEASLRED EFFECTIVE TIME DELAY 

(PITCH RATE MAXIMUM SLOPE INTERCEPT) 
(Includes A l l  Systems Delay and Model Fol lowing Lags, 60 ms) 

Configuration 

1 
2 

3 
4 
5 
6 
7 

8 
9 
10 

11 
12 
13 
14 

16 
17 

17 + Leadhag, 2 3 ~ ,  26A 
18 

19 
20 

8, 23, 26 
21, 24, 27 

22, 25, 28 

2lA, 24A, 27A 

22A, 2!X, 28A 

Time Delay (ms) 

160 
150 
160 

140 
160 

150 
160 
150 

160 
150 
258 
290 
160 
160 
160 
150 

150 
150 

150 

150 
150 

250 

350 
250 

350 
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2.2.3 Lateralbfrectional Description 

The la te ra l /d i rec t i ona l  aerodynamics and c o n t r o l  system were the same 

as those used f o r  the previous T I F S h i t c h  Rate program. The a i r c r a f t  model 

had the  fo l lowing charac ter is t i cs .  

Constant Character is t ics  

- Weight (w) - 
Mass (M) - - 
Wing Area (S) = 
Wing Span (b) = 
Wing Chord (c) = 

- I x x  - 

193,000 lbs.  

5999.4 s lugs 

2147 f t2 

157 f t  

15.074 f t  

4,003,900 slug-f t ’  

5,408,550 slug-f  t ’ 
9,184,470 slug-f t ’  

223,410 s lug- f  t ’ 

T r i m  Conditions 

V T r i m  = 132 KIAS (223 ’ fps)  

9 = 59.14 p s f  

L a t e r a l h i r e c t i o n a l  Non-Dimensional Der ivat ives (per degree) 

-0 03 136 

0.00563 

0.01345 

‘Y6, 0.00536 

cYP 

r 

C93 -0.00256 

-0.01022 

Cer 0.00749 

46, 0.00148 

0.00023 C 

cgP 

%P 
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L a t e r a l h i r e c t i o n a l  Non-Dimensional Der ivat ives (per degree) (Cont'd) 

''6, 0.00050 

0 00394 c"B 

c"P 
-0 00074 

'nr -0 00552 

0 00023 C 

C % t p  0.00024 

"6, -0.00169 

"6, 

The l a te ra l /d i rec t i ona l  f l i g h t  con t ro l  system i s  shown i n  Figures 5 

and 6 .  The gains were adjusted t o  achieve the fol lowing character ist ics,  
which were found t o  be Level 1 and consequently "transparent" t o  the longi tu-  

d i n a l  invest igat ion.  

Dutch Rol l  Mode 

w, (rad/sec) 

5 

FJ (sec) 
(rad/sec) 

Roll Sp i ra l  Mode 

0.768 

0.297 

0.228 
8.57 

0.188 

- 
- 

4.741 

0.369 

1.748 

1.47 

Ef fec t i ve  ro l l  mode t i m e  constant 
( t i m e  t o  63% max r o l l  r a t e )  1.0 sec 
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a 
w 

0 0  

A W  
0 0  
A V  

d 
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PE DA L-TO-R UDDER GEAR IN G 

-2." 

2 

b - RC 

L YAW 

ON L Y A W  
SAS - 
OFF 

- 

6 
p~~ LOT - 
+2" - 

SASRLIM 

r, deglsec K 
pv 

+ K K r @  

Krr 
pY 

SASRLIM 

-0.15 

35.0 

Figure 6 YAW CONTROL SYSTEM 
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R o l l  Control Parameters 

Ob/Ud 1.000 

cb/cd 1.001 

6th -4 .2 s + 1 

T ime h i s t o r i e s  f o r  a 20 degree 6 ~ w  step and a 1/2 i nch  6 ~ p  step are  
shown i n  Figures 7 and 8. 

- 
8.4 * i PIA 

2.2.4 Thrust 

The t h r o t t l e  con t ro l  system was the  same for  a l l  o f  the configura- 

t ions,  though the response of the airplanes d i f fe red  because o f  the d i f f e r e n t  
dynamics i n  the r e s t  o f  the l ong i tud ina l  axes. The p i l o t  con t ro l led  the 
th rus t  through a t h r o t t l e  lever  on the center console. I t  had a 270% t r a v e l  

about i t s  mid-trim pos i t ion.  I t  acted through a f i r s t  order l a g  with a t i m e  
constant o f  .2 sec t o  move a power lever  angle (PLA) command which produced a 

\j o f  58.4 ft/sec2 a t  270%. 

T i m e  h i s t o r i e s  for 10% 6 th  steps are shown i n  Appendix B f o r  each config- 
ura t ion. 

2.2.5 Fee l  System and Actuator Dynamics 

The f e e l  system parameters were chosen during the c a l i b r a t i o n  
f l i g h t s .  Known good fee l  system parameters from the previous TIFSRi tch Rate 
program were used as  the  s t a r t i n g  po in t  and were s l i g h t l y  modified t o  provide 

b e t t e r  character ist ics.  Idea ly  the fee l  system should have been "transparent" 

t o  the f l i g h t  t e s t .  The lack  o f  evaluation p i l o t  c o m n t s  concerning the f e e l  
system ind ica tes  t h a t  t h i s  was achieved. 

Below are the model fee l  system parameters tha t  resul ted from the 
c a l i b r a t i o n  f l i gh ts  and were used throughout the  invest igat ion:  
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P 

5.0 

2.5 

0 

deg/sec 

4 

2 

0 
r 

deg/sec 

. 10 

. 05 
0 

Figure 7 ROLL STEP RESPONSE, 20 DEG ~ A W  STEP 
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P 

deg/sec 

r 

deg/sec 

NY 

g's 

5.0 

2.5 

0 

.10 

.05 

0 

Figure 8 YAW STEP RESPONSE, INCH k p  STEP 
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Gradient 

o, (rad/sec) 

5 

Breakout ( lbs )  

The actuator dynamics used i n  the model f o r  the elevator, a i leron,  

As previously and rudders were second order with q-, = 20 rad/sec, r, = 0.7. 
mentioned the t h r o t t l e  had a f i r s t  order l a g  with T = .2 sec. 

Column Wheel Pedals 
. P i t c h  Roll Yaw 

12 ( lbs/ in) 0.37 (lb/deg) 36 ( lb / in)  

c 

2(3* 25 12 

0.7 0.7 0.6 

4.0 1.0 12 
* 

2.2.6 Turbulence Sensitivity 

External disturbances were.imposed upon the evaluation i n  the form o f  

a d isc re te  v e r t i c a l  gust (1-cosine w i th  a maximum amplitude o f  7.6 ft/sec or 
CQJST = 1.9 deg with a duration o f  4 sec). To make a l l  o f  the conf igurat ions 
respond t o  t h i s  d isc re te  gust i n  a consistant manner, a constant turbulence 

s e n s i t i v i t y  vector was 

the NASA TCV/737 with 

turbulence s e n s i t i v i t y  
r 

chosen for the ~ U S T .  The values chosen were those f o r  
neu t ra l  s t a t i c  margin (Reference 15). The fo l low ing  

terms were added t o  the s tate equations: 

Though the turbulence s e n s i t i v i t i e s  were the same fo r  a l l  configurations, the 

responses d i f f e r e d  because o f  dif ferent free responses o f  each configuration. 

Any na tu ra l  turbulence, i f  present, was no t  fed t o  the model, but  d i d  d i s t u r b  

the model-following system pr imar i ly  i n  the heave a x i s  where i t  was f e l t  as a 

l i g h t  chop and was seen i n  the airspeed ind icator  which used the T IFS  

airspeed. Most o f  the f l i g h t s  had l i g h t  or no turbulence, so i t  was not  a 

factor. 

2-47 



2.2.7 Ground Effect 

The ground e f f e c t  chosen for the model was s i m i l a r  t o  t h a t  used on 

the previous T IFSk i t ch  Rate program, though no X-force due t o  ground ef fect  

was used. The fo l lowing ground e f f e c t  s e n s i t i v i t y  terms were added t o  the 

state equations: 

-.08 
0 

-.25 
0 

where f(h) was the fol lowing ground e f f e c t  function: 

h 

- >loo 
50 
40 

30 
20 
10 

SO 

1.. 
f(h) 

0 f (h) 
.1 
14 

e2 
32 

05 

1 

.5, \ x 

0 50 100 

2.2.8 Bank Compensation 

The steady s tate forces t o  hold a given normal accelerat ion varied 
g rea t l y  from one conf igurat ion t o  another. To r e l i e v e  p i l o t  p i t c h  forces i n  

turns and remove t h i s  factor  from the evaluation which was p r imar i l y  a longi-  
t u d i n a l  task, an automatic al t i tude-hold- in- turns system was used. For the 

conf igurat ions which had ac tua l  p i t c h  r a t e  feedback and an in tegra tor  

(Configurations 17, 17 + Lead/Lag, 18-20, 2lA-28A), t h i s  system was essen- 

t i a l l y  a (-g/V) b2 feedback t o  the p i t c h  command summer. This had been used 
i n  the previous T I F S k i t c h  Rate program. For the balance o f  the configu- 

rat ions,  which did no t  have an in tegra tor  i n  the loop, the elevator command t o  
ho ld  the proper normal accelerat ion f o r  a l e v e l  t u rn  as a funct ion o f  bank 

angle had t o  be determined. The fol lowing der iva t ion  shows how t h i s  elevator 
required i n  turns or  bank compensation was calculated. 
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(2) = M q + M,e + Maa + Muu + M 6 
e q 

. 
i n  steady t u r n  a = ~ , ; l = ~  

q = (57.3) v 9 ( n  - -) 1 n = (load fac tor )  - - +  1 n 

From Equation (1) 

9 -Zqq -Z,e - zuu - z 6 6- e - (cos 9-1) v (57.3) 
e 

(3 )  a = 7 

a L 

From Equation (2) 

- -M q - M,e - Maa - Muu 

e 
(4) 6, - 

M6 

9 1 Substi tuting q = - V ( n  - --) 57.3 

Maa - Muu - M ~  (v (1. - +]I 57.3 - M,e - 9 
- 

e % (5) 6, - 

Inserting Equation (3)  i n t o  Equation (5) y i e l d s  
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Gather 

-M&; [n - 

6, terms on l e f t  side of equation 

--Z Ma ) 6, 
(‘6, Za 6, Z 6 =  Ma 

6, e Za de e M 6 - -  

U Mg - - Zg 
e ‘a e 

M 6, = 

Make following assumptions: A@ i n  turns i s  very small 
Au in turns is very small 

so drop out h e ,  MUu, Z,e, Zuu 

[41q + 2 zq] [; (n - ;I] 57.3 + r Ma (cos 4-1) v 9 57.3 
a 6, = 

M --Z 
6e ‘a 6e 
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(cos 4) (1 + cos 4) + 
OL 6e a a 'e 'e a 

Ma 
Z M  - 2  M Z M  - Z  M 6e 

ZaM - MaZ 
K l = z M q - z  M" 

a 'e 'e a 
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Using the va lues  for  b, Mq, M6e, &,, Zq, Zge from the F and G matri- 
ces, t h e  bank compensation g a i n s  K 1  and K2 were calculated and are l isted i n  
Table 4. 

Table 4 

W W  COWENSATION GAINS 

Conf igura t ion  

6 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

16 

21-28 

K 1  

2.62 

6.79 

8.0 

6.08 

6.84 

4.28 

4.4 

4.12 

4.31 

8.0 

8.0 

6.63 

6.82 

1.98 

2.0 

8.87 

2.62 

K2 

-1.5 

-9.56 

0 

-7.97 

2.37 

-6.03 

0 

-5.44 

.02 

-11.88 

0 

-5.09 

-8 32 

-4.91 

0 

-14 32 

-1.5 
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2.3 EVALUATION TASKS AND PROCEDLRES 

The evaluat ion task and procedures were the same as those used i n  the 

previous T IFSF i t ch  Rate program, and are described below. 

The evaluat ion p i l o t  was given con t ro l  o f  the a i r c r a f t  on the down 

wind l e g  and performed a v i sua l  tu rn ing  approach t o  a 1.5 t o  2 mile f i n a l  

approach. The ILS g l i d e  slope was in tercepted i n  the turn and he ld  t o  a p o i n t  

3500 ft. f rom the runway/glide slope i n te rcept  point .  A constant speed o f  132 
KIAS was he ld  thoughout the approach un t i l  landing f l a re .  

Figure 9 d e t a i l s  the  f i n a l  approach and f l a r e  geometry. A f i n a l  

approach ba r r i e r "  was defined as pro jec t ing  up from the ground a t  a po in t  
3500 ft. short  o f  the runway and g l ide  slope in te rcept  po in t  and up t o  the ILS 

g l i d e  path. The evaluat ion p i l o t  was no t  allowed t o  descend below the ILS  

g l i d e  slope u n t i l  passing the  "barr ier"  ( the pos i t i on  3500 ft. short  o f  the 

runway/glide slope in te rcept  i s  w e l l  marked by a r a i l r o a d  track).  Peer 

pressure from the safety p i l o t s  and the f l i g h t  t e s t  engineer was found t o  be 

qu i te  s u f f i c i e n t  t o  prevent ba r r i e r  duck under. 

n 

I n  add i t ion  t o  the a l t i t u d e  cons t ra in t  o f  the ba r r i e r ,  l a t e r a l  o f f -  

sets  of 200 ft. ( e i t h e r  l e f t  o r  r i gh t ,  and obtained v i s u a l l y  by l i n i n g  up on 
runway markers) were used t o  provide secondary tasking thus preventing pre- 

occupation w i th  the p i t c h  task. In order t o  fur ther  assure p i t c h  task ac t i v -  

i t y  a (1 - cosine) angle o f  at tack gust was fed t o  the model i n  the zone 

depicted i n  Figure 9 (between 100 and 50 fee t  o f  a l t i t u d e ) .  

The "Desired" touchdown area was defined as being 500 ft. long and 20 

ft. wide (210 ft. o f  center l ine)  s ta r t i ng  250 ft. past the runway/glide slope 

in te rcept .  The "Adequate" touchdown area was defined as 1000 ft. long, 40 ft. 
wide and s t a r t i n g  a t  the same point  on the runway. Airspeed requirements 

were: "Desired" 132 23 KIAS,  "AdequateD' 132 25 KIAS,  both a t  b a r r i e r  passage. 

"Desired" sink ra te  a t  touchdown was def ined as 0 t o  3 fps and "Adequate" as 3 
t o  6 fps (these values were obtained from the data records, however, exper i -  

ence has shown tha t  0-3 fps touchdowns r e s u l t  i n  "smooth" landings, 3-6 fps 

touchdowns r e s u l t  i n  "so l id "  landings, ano touchdowns i n  excess of 6 fps can 

be recognized by any crew member with a 95% confidence l e v e l ) .  
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Figure 9 APPROACH AND LANDING TASK 
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Touchdown parameters were obtained from on-board recordings using DME 

and Loca l i zer  Deviat ion fo r  x and y distance on the runway, and as described 

above f o r  s ink rate.  Speeds were taken by the t e s t  engineer i n  the r i g h t  

evaluat ion seat and a lso  recorded. These combined wi th  the evaluation p i l o t s  
comments and ra t i ngs  provided the evaluation data. 

The design goal of the above task was t o  achieve s u f f i c i e n t  p i l o t  
gain i n  the p i t c h  ax i s  t o  provide an adequate spread i n  the Handling Q u a l i t i e s  

Ratings (HQR's) but not t o  be so d i f f i c u l t  or  easy so as t o  b ias the HQR's one 

way or another. 

2.3.1 Evaluation Sequence 

The evaluation p i l o t  was g iven con t ro l  o f  the a i r c r a f t  on the down- 

wind leg. A t  t h i s  time automatic step i npu ts  were made i n  order t o  v e r i f y  the 

configuration. The evaluation p i l o t  would then conduct a v i sua l  tu rn ing  

approach t o  in te rcept  the g l i d e  slope approximately two miles f rom touchdown. 

He would v i s u a l l y  l i n e  up f o r  the o f f s e t  and continue down the g l i d e  slope. 

A t  the ' 'barrier" pos i t i on  (3500 ft. f rom touchdown and a t  approximate a l t i t u d e  
o f  200 ft.) the correct ion f o r  the o f fse t ,wou ld  commence and th rus t  and p i t c h  

would be adjusted f o r  landing. A t  approximately 2000 ft. from touchdown a 

d isc re te  (1 - cosine) angle o f  attack gust would be fed t o  the a i r c r a f t  model 

t o  cause a standard f l i g h t  path disturbance. The evaluation p i l o t  would f l y  

through the gust t o  f l a r e  and touchdown. A t  touchdown the safety p i l o t s  would 

take c o n t r o l  of  the a i r c r a f t  (or a t  any t ime p r i o r  t o  touchdown if dic ta ted  by 

the s i t ua t i on ) .  A t  t h i s  po int  the f l i g h t  t e s t  engineer would record speeds 
and estimated touchdown dispersion and the evaluation p i l o t  would begin h i s  

comments and give the HQR. This data was manually recorded by the f l i g h t  t e s t  
engineer as w e l l  as on voice tape. The safety p i l o t s  then executed the climb- 

out whi le the TIFS techn ica l  crew set  up the next conf igurat ion ( i f  required) 

t o  repeat the process. 

A normal evaluation consisted of two approaches, however, the eval- 

ua t ion  p i l o t  had the opt ion o f  repeats i f  desired. 
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2.4 PILOT COMMENT CARD AND RATING SCALES 

The evaluation p i l o t s  were br ie fed  on the general experiment purpose 

and f l i g h t  task detai ls.  They had a general knowledge o f  what the t e s t  con- 
f i gu ra t i ons  were (had seen descr ipt ions and t i m e  h i s t o r i e s )  but no knowledge 

o f  which of those conf igurat ions would be given on each f l i g h t .  

P i l o t  technique was necessari ly d i f fe ren t  fo r  p i t c h  r a t e  command 

f l ight  c o n t r o l  systems than for "conventional" systems (a-command) t h a t  

require increasing average p u l l  forces i n  the landing f l a r e  (i.e., monotonic). 

Consideration was given t o  informing the evaluation p i l o t s ,  before hand, which 

type o f  system they had. I t  was decided t o  proceed with a "b l ind"  experiment 

as i t  had been found successful i n  the previous TIFS/Pitch Rate program. The 

p i l o t s  adapted t o  technique changes r a p i d l y  and i n  some cases were unaware o f  

using d i f f e r e n t  techniques. 

An evaluation normally consisted of two approaches and landings. The 

p i l o t  could make comments a t  any t ime,  however, formal use o f  the comment card 

(Figure l o ) ,  Cooper-Harper scale (Figure 111, and the PI0 scale (Figure 12) 

was made a f t e r  the second landing f o r  the configuration. The p i l o t  had the 

opt ion o f  a th i rd  landing on a conf igurat ion and i n  t h a t  case the comments and 

gradings were made a f t e r  the t h i r d  landing. 

The p i l o t  comments and ra t i ngs  were considered the primary data o f  

the invest igat ion,  and were recorded on voice tape. I n  addi t ion,  the f l i g h t  

t e s t  engineer ( i n  t h e  r i g h t  evaluation seat) manually recorded comment sum- 

maries, touchdown dispersion, and p i l o t  ra t i ngs  fo r  use i n  the p o s t - f l i g h t  

debr ie f ing  where p i l o t  comments were elaborated i n  more d e t a i l .  
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A. 

TIFSMARED LANDING PROGRAM 
PILOT C M E N T  CARD 

I n i t i a l  Overa l l  Impression 

8. Approach 
I. I n i t i a l / F i n a l  response t o  c o n t r o l  i npu ts  
2. F l i g h t  path c o n t r o l  
3. P i t c h  a t t i t u d e  cont ro l  

4. Airspeed con t ro l  
5 .  Offset cor rec t ion  

6. Atmospheric disturbances 
7. Special p i l o t  techniques 

C. F la re  and Touchdown 
1. P i t c h  a t t i t u d e  and f l i g h t  path con t ro l  
2. Control  of  touchdown parameters 
3. Atmospheric disturbances 

4. Special p i l o t  techniques 

D. P i l o t  Ratinqs 
1. Approaches 

2. F la re  and touchdown 
3. Overa l l  

4. PI0 r a t i n g  

' * c  ,Figure 10 PILOT COMENT CARD . .  
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HANDLING QUALITIES RATING SCALE 
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2.5 EVALIATION PILOTS AND FLIGHT SlEIMARY 

T h i s  f l i g h t  program was ext remely  f o r t u n a t e  t o  have the services of  
e ight  eva lua t ion  p i l o t s  w i t h  a wide v a r i e t y  o f  backgrounds. I n  a d d i t i o n  t o  
t h e  NASA and Calspan p i l o t s  who were scheduled  t o  p a r t i c i p a t e  i n  t h i s  NASA 
sponsored program, NASA i n v i t e d  other f l i g h t  test o r g a n i z a t i o n s  t o  provide  
p i l o t s  if they would p i ck  up the c o s t s  f o r  their f l i g h t s .  Boeing, Lockheed, 
and the German Aerospace Research Es tab l i shment  (DFVLR) accepted t h i s  i n v i t a -  
t i o n  and a l though their f l i g h t s  were conducted under a s e p a r a t e  c o n t r a c t  t he  
r e s u l t s  o f  their  f l i g h t s  are p resen ted  i n  t h i s  r e p o r t .  

The eva lua t ion  p i l o t s  were: 

Charles 3 .  Berthe, Jr. - 
Calspan checkout p i l o t  ( a l s o  c o - i n v e s t i g a t o r  and safety p i l o t  du r ing  
eva lua t ion  phase) flew t h e  c a l i b r a t i o n  f l i g h t s  which determined the 
accuracy of t h e  s imula t ion ,  t h e  efficacy of t h e  task,  f i n e  tuned t h e  
command g a i n s ,  time delays, and l a t e r a l / d i r e c t i o n a l  axes f o r  t h e  
eva lua t ion  phase. 

Lee H. Person ,  Jr. - 
NASA/Langley e v a l u a t i o n  p i l o t  (A )  - f l y i n g  expe r i ence  w i t h  aircraft  
handling qua l i t i es  and IFR d i sp lay  programs inc lud ing  NASA’s Terminal 
Configured Vehicle - 737. 

John F. Ball  - 
Calspan e v a l u a t i o n  p i l o t  (B) - f l y i n g  expe r i ence  as  a n  e v a l u a t i o n  
p i l o t  i n  many handl ing  q u a l i t i e s  programs, a l s o  a safety p i l o t  i n  t h e  
USAF/TIFS, NT-33, and Calspan Learjet i n - f l i g h t  s imula to r s .  

Roger E. Smith - 
NASAhryden e v a l u a t i o n  p i l o t  (C)  - f l y i n g  expe r i ence  a s  an  e v a l u a t i o n  
p i l o t  i n  many handl ing  q u a l i t i e s  programs a t  Calspan and NASA, a l s o  
tes t  p i l o t  on X-29 and AFTI/F-111. 
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Dale M. Ranz - 

J. Kenneth Higgins - 
Boeing evaluation p i l o t  (D). 

Boeing evaluation p i l o t  (E) 

- Production and research t e s t  p i l o t s  fo r  a l l  Boeing commercial 

transports inc lud ing evaluation o f  advanced f l i g h t  con t ro l  concepts. 

Frank Hadden - 
Lockheed evaluation p i lo t  (F) - Chief Engineering Test P i l o t  a t  

Lockheed - Georgia, with extensive f l i g h t  t e s t  expeirence with 
transport  category a i r c r a f t  inc lud ing  the J e t  Star C-130, C-141, C-5, 

and High Technology Test Bed (C-130). 

Hans Meyer - 
DFVLR (Germany) evaluation p i l o t  (G)  - Chief Test p i l o t  a t  DFVLR with 

extensive f l i g h t  t e s t  experience, inc lud ing  p a r t i c i p a t i o n  i n  in-  

f l i g h t  simulation programs with the DFVLR-Hansa Jet. 

Most o f  the evaluation approaches were conducted a t  Niagara F a l l s  

AFB, with approximately one-fourth o f  the evaluations conducted a t  Buf fa lo  due 
t o  t r a f f i c  and weather constraints a t  Niagara. There was no d iscern ib le  d i f -  

ferences i n  the evaluations a t  the two a i rpor ts ,  but x-runway distance was no t  

as w e l l  marked a t  Buffalo. 

A summary of  the f l i g h t s  versus p i l o t  i s  shown i n  Table 5. 
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Table 5 
FLIGHT S l W W Y  

PILOT 

Cali brat ion 

A 

6 

C 

D 

E 

F 

G 

Ferry 

Tota ls  

FLIGHTS 

3 

7 

6 

4 

1.5 

1.5 

3 

3 

2 

31 

EVALUATIONS 

- 
32 

23 

12 

7 

7 

11 

14 

- 
106 
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APPROACHES 

27 

67 

53 

21 

15 

17 

22 

29 

- 
25 1 

FLT. HRS. 
~~~~ 

6.1 

9.1 

6.8 

3.8 

1.9 

2.0 

2.9 

3.9 

.4 

36.9 



3.1 EQUIPMENT 

The US9F To ta l  I n - F l i g h t  S imula to r  (TIFS was used a s  t h e  test v e h i c l e  
i n  t h i s  experiment.  TIFS is a h i g h l y  modified C-131 (Convair 580) conf igured  
as a six-degree-of-freedom s i m u l a t o r  (F igu re  13). It  has a separate evalu- 
a t i o n  c o c k p i t  forward and below the normal CI-131 cockpi t .  When flown from t h e  
e v a l u a t i o n  cockp i t  i n  the  s imula t ion  or fly-by-wire mode, the p i l o t  c o n t r o l  
commands are fed a s  i n p u t s  t o  t h e  model computer which c a l c u l a t e s  t h e  a i rc raf t  
r e sponse  t o  be reproduced. These responses ,  along wi th  TIFS motion senso r  
s i g n a l s ,  are used t o  gene ra t e  feedforward and response e r r o r  s i g n a l s ,  which 
d r i v e  t h e  s i x  c o n t r o l l e r s  on the  TIFS (Figure  14). The r e s u l t  i s  a high f i -  

d e l i t y  reproduct ion  of t he  motion and v i s u a l  cues a t  t h e  p i l o t  p o s i t i o n  o f  t h e  

model aircraft. More d e s c r i p t i o n s  o f  t h e  TIFS can be found i n  Reference 16. 

T h i s  experiment made u s e  of  t h e  following major f e a t u r e s  i n h e r e n t  i n  
t h e  TIFS aircraft:  

1. 

2. 

3. 

4. 

Independent c o n t r o l  of a l l  six forces  and moments by use  
o f  elevator, a i l e r o n ,  rudde r ,  t h r o t t l e ,  direct  l i f t  f l aps  
and side f o r c e  s u r f a c e s .  

Longitudinal and l a t e r a l / d i r e c t i o n a l  model-following 
systems t o  provide  the eva lua t ion  p i l o t  with motion and 
visual cues r e p r e s e n t a t i v e  o f  the simulated aircraft .  

Separate e v a l u a t i o n  c o c k p i t  capable of  accep t ing  appro- 
priate p i l o t  c o n t r o l s ,  d isplays,  and co -p i lo t  a s s i s t a n c e .  
(An observer  b u t  never c o - p i l o t ,  was p re sen t  there). 

Evaluation c o c k p i t  i n s t rumen t s  included s t anda rd  IFR 
instrument d i s p l a y s  f e a t u r i n g  an A D 1  and an HSI as  t h e  
primary ins t rumen t s ,  w i t h  angle  of attack and s l i d e s l i p  
displayed on i n d i c a t o r s  t o  the r i g h t  hand side o f  t h e  HSI. 
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The v e r t i c a l  and hor izon ta l  bars on the AD1 displayed 
command information f o r  t racking l o c a l i z e r  and g l i d e  
slope, respectively. 

5 .  D i g i t a l  magnetic tape recording system t o  record con t ro l  
inputs and appropriate a i r c r a f t  responses. 

6. Two cassette tape voice recorders for recording evaluation 
p i l o t  comments, and TIFS crew corrments. 

7. A video camera po in t ing  out the f ront  window and video 
cassette recorder t o  record the forward view. 

8 .  The capab i l i t y  t o  simulate a r t i f i c i a l  or  cancel ac tua l  
crosswinds up t o  15 k t s  incorporated i n  the model- 

fol lowing system. 

9 .  Turbulence simulated by playing pre-recorded random 
signals i n t o  the model through f i l t e r s  mechanized t o  
produce the proper power spectrum o f  turbulence. (Used 
only on two evaluations by Boeing p i lo t . )  

10. A s ignal  l i g h t  located above the AD1 and audio s ignal  t o  
ind icate simulated or actua l  touchdown o f  main landing 
gear . 

11. Adjustable transport time delay c i r cu i t s ,  avai lable t o  
simulate time delay i n  the p i l o t ’ s  commands t o  the eleva- 
t o r  and a i l e ron  controls. 

12. D i g i t a l  computing equipment t o  ca lcu late model aero- 
dynamics and evaluate kinematic equations. 
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3.2 SIMULATION GEOMETRY 
L * $ ,  

4 ‘I 
. *w .\ % 

The TIFS m6tion was configured t o  reproduce model motion a t  the 

evaluation p i l o t ’ s  eye point. As t h i s  was a generic rather than spec i f i c  
s imulat ion i t  was decided t o  superimpose the TIFS cog. and Generic Transport 
c.g. Addi t ional ly ,  the cockpits of the two a i r c r a f t  were superimposed. 

Consequently, no transformations were required from TIFS c.g. t o  model c.g. 

Approaches were made t o  touchdown and TIFS wheels and Generic 

Transport wheels were superimposed. This s imp l i f i ed  geometry negated the 

requirement f o r  eye pos i t i on  and wheel height transformations. 

3.3 NALWTION COCKPIT CONFIGlRATION 

The evaluat ion cockpit was configured as i l l u s t r a t e d  i n  Figure 15. 

The contro ls  were standard wheel and rudders. No window masking was used. 

Thrust was con t ro l l ed  by four t h r o t t l e  levers t i e d  together and t o t a l  th rus t  

was ind icated on a s ing le  gage. Asymmetric th rus t  con t ro l  was not  provided. 

The evaluat ion p i l o t ’ s  instrument panel i s  a lso shown i n  Figure 15. 

I t  was a standard configuration wi th  raw g l i d e  slope and loca l i zer  data 

d r i v i n g  the f l i g h t  d i rec to r  needles on the ADI .  

TIFS evaluat ion cockpit i s  a dual p i l o t  side by side arrangement. 

For t h i s  inves t iga t ion  the r i gh t  seat was occupied by a NASA f l i g h t  t e s t  

engineer. The engineer observed a l l  approaches and landings, assisted i n  con- 

duct o f  the f l i g h t  t e s t  card, recorded touchdown dispersion, and recorded sum- 

maries o f  evaluat ion p i l o t  comments and handling q u a l i t i e s  ra t ings (HQR) t o  

provide t imely post f l i g h t  analysis. 

3.4 TIME DELAY COMPENSATION 

The TIFS model-following simulat ion mechanization has some inherent 

delays o r  lags due t o  computation delays, actuator dynamics, and s t ruc tu ra l  
dynamics. I f  no t ime delay compensation i s  done, the TIFS response w i l l  l a g  
the model’s response (depending on frequency content) by approximately 60 t o  

100 msec i n  p i tch ,  100 t o  140 msec i n  r o l l  and 100-140 msec i n  yaw. Two 

methods can be used t o  eliminate these lags. One i s  t o  use feedforward 
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s igna ls  from the evaluation p i l o t ' s  inputs or model actuator inpu ts  d i r e c t l y  

t o  the  TIFS command actuators. This w i l l  s t a r t  t o  command TIFS surface 
motions before model repsonses have been generated. I f  these feedforward 

"jabber" s ignals are proper ly tuned, one can el iminate the l a g  without s ign i -  

f i c a n t l y  changing the response shape. The second method t h a t  can be used i s  
t o  e l iminate delays or lags i n  the model i t s e l f  so t ha t  i t  responds fas te r  

than the ac tua l  a i r c r a f t  being modeled. When the TIFS' lags  are added t o  the  

speeded up model the f i n a l  response occurs a t  the proper time. This l a t t e r  

method was used i n  the present simulation because o f  i t s  ease o f  implemen- 

ta t ion .  

I n  the p i tch  ax i s  a 60 msec pure time delay was used i n  the analy- 

t i c a l  model but  no t  i n  the model mechanized on the TIFS computer. I n  add i t ion  

no p i t c h  actuators were used i n  the TIFS model mechanization. The r e s u l t  was 
a TIFS p i t c h  r a t e  response which matched the time delay character is t ics  of  the 

previously defined ana ly t i ca l  model. 

I n  the heave a x i s  the TIFS d i r e c t  l i f t  f l aps  have a higher bandwidth 

than the elevators (approximately 44 rad/sec versus 20 rad/sec). I n  order t o  

slow down the d i r e c t  l i f t  f laps so t h a t ,  they would be "in-phase" wi th  the 

elevators, a f i r s t  order l a g  was inserted i n  the feedforward commands t o  the 

d i r e c t  l i f t  f laps. This l a g  had a t ime constant o f  .038 sec and slowed down 

the f l aps  t o  ef fect ive ly  be "in-phase" with the elevator. 

No time delay compensation was done i n  the la te ra l /d i rec t iona l  axes. 

The la te ra l /d i rec t iona l  responses were considered t o  have Level 1 f l y i n g  

q u a l i t i e s  i n  the l a s t  TIFS/ P i t c h  Rate program without compensation. This was 

again v e r i f i e d  i n  the checkout phase where s l i g h t  modif icat ions were made i n  

the r o l l  a x i s  f e e l  system t o  make the forces consistent with a t ransport  

a i r c r a f t  feel. 

3.5 MODEL FOLLOWING VERIFICATION 

Step input  responses were taken i n  f l i g h t  f o r  a l l  o f  the con- 

f igurat ions f o r  comparison t o  the ana ly t i ca l  model responses t o  va l idate the 
simulation. P i t ch  as w e l l  as roll and yaw step responses are shown i n  

Appendix C. I t  can be seen tha t  f a i r l y  good overlays were obtained. The only 
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characteristic of no te  is  t h e  3.4 Hz o s c i l l a t i o n  i n  N tha t  Occurs wi th  t h e  
very abrupt  conf igura t ions  (especially 2 and 4). T h i s  is  from a l i g h t l y  
damped s t r u c t u r a l  mode. They appear large, bu t  are being superimposed on a 
fa i r ly  small steady state incrementa l  a c c e l e r a t i o n  (-. lg ) .  The magnitude o f  
t he  s t r u c t u r a l  o s c i l l a t i o n  remained the same wi th  larger inpu t s .  This type o f  
s t r u c t u r a l  o s c i l l a t i o n  a l s o  appears when f l y i n g  i n  turbulence .  I t  was n o t  
considered t o  be a f a c t o r  i n  the e v a l u a t i o n s  as  t h e  p i l o t s  never noted t h e  
o s c i l l a t o r y  c h a r a c t e r i s t i c s .  

zP 

Typical model following responses dur ing  approaches are shown i n  
I n  these figures the TIFS response is  the s o l i d  l i n e  and F igures  16 and 17. 

t h e  model response is the dashed l i n e .  

m 
W 
L 

t 

n n  1 

I 
-20.000 POUNDS 

r 2.000 DEG 

I I---- 
-2.000 DEG 1 
0.100 G’S 

10 20 

Figure 16 HODEL FOLLOWING - FLIGHT 893, APPROACH 1, CONFIGLRATION B 
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r 20.080 POUNGS 

-20.000 POUNDS 
r 1.000 DEG/SEC 

10 20 

Figure 17 MODEL FOLLOWING - FLIGHT 893, APPROACH 10, CONFIGWTION 28 

3.6 DATA RECORDING 

Quant i tat ive data was recorded on board the TIFS on a 58 channel 
d i g i t a l  recorder. Table 6 i s  the recording l i s t  o f  t h i s  data. Signals 
include TIFS responses (unsubscripted), model responses (M-subscript), p i l o t  
inputs, cont ro l  surface posit ions and performance parameters. Signals which 
are increments from the engage value are ind icated by a A l l  angular u n i t s  
are i n  degrees, ve loc i ty  i n  ft/sec (except as noted), accelerations i n  g’s. 

A. 

Two voice recorders were u t i l i z e d  t o  obtain evaluation p i l o t  c o w  
ments. One was generally used jus t  for  the evaluation p i l o t  (plus anyone on 

h o t  microphone) and the other recorded a l l  crew comments and rad io 
t ran smi ssion s . 

A video camera was ins ta l l ed  i n  the evaluation cockpit and recorded 
the forward f i e l d  o f  view. 
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Table 6 
TIFS RECORDING LIST 

CHANNEL 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

VARIABLE 

pitch rate ,  MODEL 

pitch rate ,  TIFS 

r o l l  ra te ,  MODEL 

r o l l  ra te ,  TIFS 

yaw rate,  MODEL 

yaw rate ,  TIFS 

incremental angle o f  attack, MODEL 

incremental angle o f  attack, TIFS 

sideslip,  MODEL 

sideslip,  TIFS 

incremental pitch at t i tude,  MODEL 

incremental pitch at t i tude,  TIFS 

ro l l  angle, MODEL 

ro l l  angle, TIFS 

incremental normal acceleration, pi lot ,  MODEL 

incremental normal acceleration, pi lot ,  TIFS 

incremental normal acceleration, CG, MODEL 

incremental normal acceleration, CG, TIFS 

l a te ra l  acceleration, MODEL 

l a te ra l  acceleration, TIFS 

incremental true airspeed, MODEL 

incremental true airspeed, TIFS 

al t i tude rate ,  TIFS 

ERR-6, - error i n  6, ( internal model following signal) 
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CHANNEL 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

Table 6 (Cont’d) 
TIFS RECORDING UST 

VARIABLE 

- Y 

4 1 -  
- 

9 
a 

4 1 -  
hW+ pulse,,, - 

h (press) - 
LOC. Dev. - 

GS Dev. - 
FEC 

FAW 

FRP 

6EC 

%W 

6RP 
PLA 

6 

6 
eM 

aM 

&r 

{M 

% 

‘FF 

c 

M 

6 

f l i g h t  path angle, TIFS 

indicated airspeed, knots, TIFS 

t o t a l  t r u e  airspeed, MODEL 

t o t a l  angle o f  attack, MODEL 

angle of attack, gust component added t o  Model 

angle of attack rate, TIFS 

a l t i t ude  o f  wheels p lus  pulse a t  touchdown 

pressure a l t i t u d e  

loca l i ze r  deviat ion 

g l ide  slope deviat ion 

p i tch  colurm force 

r o l l  wheel, force 

rudder pedal force 

p i t ch  colurm deflect ion, inch 

r o l l  wheel deflection, deg 

rudder pedal deflection, inch 

power lever  angle, % 

elevator posit ion, MODEL 

a i le ron  posit ion, MODEL 

rudder posit ion, MODEL 

a l t i t ude  rate, MODEL 

incremental angle o f  attack, complimentary 
f i l te red ,  TIFS 

feedforward comnand t o  6,, TIFS 

angle of  attack rate, MODEL 
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Table 6 (Cont’d) 
TIFS RECORDING LIST 

CHANNEL 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

VARIABLE 

YP 

CONF 

Y 

DME 

6r 

Z 
6 

6 

6 
Y 

X 

- f l i g h t  path angle, PILOT 

- dig i ta l  configuration number 

- l a t e ra l  distance on runway (+ l e f t  of center) 

- distance from tacan, nautical miles 

- elevator, TIFS 

- aileron, TIFS 

- rudder, TIFS 

- direct l i f t  f lap,  TIFS 

- sideforce surface, TIFS 

- throt t le ,  TIFS 
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Section 4 
DATA 

4.1 INTRODUCTION 

This section presents the data obtained from the evaluation f l i gh ts .  

Included i s  a chronology of the evaluations, p i l o t  ra t ings  and performance. 
P i l o t  comments and approach time h i s to r i es  are presented i n  the appendices. 
Analysis dealing with the commanded response and time delay/ s e n s i t i v i t y  
aspects o f  the program are presented i n  Sections 5 and 6 .  

4.2 EVALUATION MONOLOGY 

After a set  of three checkout f l i g h t s  which took place during l a t e  
November and ear ly  December of 1985, the evaluation f l i g h t s  commenced. A 

t y p i c a l  evaluation f l i g h t  day started with a takeof f  from Buf fa lo  and 

proceeding t o  Niagara where evaluation approaches took place. A f te r  a config- 
u ra t ion  was set up by the t e s t  engineer, the system was engaged, responses t o  
an automatic step input were recorded for ver i f i ca t ion ,  and then cont ro l  was 
given t o  the evaluation p i l o t .  The f i n a l  f u l l  stop landing was made a t  
Niagara i f  another f l i g h t  was going t o  be flown. A post f l i g h t  debr ie f ing was 
held during the re fue l ing  operation. After the f i n a l  evaluation a t  Niagara, 
the TIFS proceeded t o  Buffalo f o r  the f i n a l  landing o f  the day. This 
general ly was no t  an evaluation. On two days a separate non-evaluation fe r r y  
f l i g h t  had t o  be flown from Niagara t o  Buffalo. 

During December of 1985 a l l  of the evaluation f l i g h t s  f o r  P i l o t  6 and 
most o f  the evaluation f l i g h t s  for P i l o t s  A and C were flown. I n  add i t ion  the 
p i l o t s  from Boeing (D and E) and the p i l o t  from DFVLR (GI had t h e i r  evaluation 
f l i gh ts .  I n  January of  1986 the evaluation f l i g h t s  fo r  p i l o t  A and C were 
completed as we l l  as those for  the Lockheed p i l o t  (F). Most o f  these January 

f l i g h t s  were flown a t  Buffalo because of poor weather and v i s i b i l i t y  a t  
Niagara. 
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A s u m r y  of the eva lua t ion  f l i g h t  data i n  chronologica l  o r d e r  i s  
presented  i n  Table 7. Included i n  t h i s  l i s t i n g  are: 

F l i g h t  number 
date 
l e v e l  of tu rbulence  
a n o t e  i f  approaches were a t  Buffa lo  

P i l o t :  A Person - NASA/Langley 
B Ball - Calspan 
C Smith - NASAhryden 
D Rani! - Boeing 
E Higgins - Boeing 
F Hadden - Lockheed 
G Meyer - DFVLR 

Configurat ion:  CONF 

P i l o t  i ia t ings:  separately l i s t ed  for approach po r t ion  (APP), f l a re  and 
touchdown (TD), o v e r a l l  (OA) . 

P i l o t  Induced O s c i l l a t i o n  Rating: PIOR 

Approach number g iv ing  sequence o r d e r  on f l i g h t .  Approaches no t  l i s ted were 
abor t ed  due t o  t ra f f ic .  

Touchdown Performance: 

-h - s ink  rate, ft/sec 

V - airspeed, knots  - IAS 

X - l o n g i t u d i n a l  runway p o s i t i o n  (obta ined  from TACAN-DME) 

(+) long, (-1 s h o r t ,  f t  (Resolut ion was 60 f t )  (On a few 
f l i g h t s ,  i nd ica t ed  by a '@ -- ", t h e  DME was n o t  tu rned  on, 
and approaches t o  Buffa lo  d i d  n o t  have t h i s  measurement. 
On these approaches Long or Short  i n d i c a t e s  t h e  touch- 
down was out of t h e  desired zone and was called o u t  by 
t h e  f l i g h t  test engineer ) .  

Y - l a te ra l  runway p o s i t i o n ,  (+) l e f t ,  (-) r i g h t ,  f t .  
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Table 7 
TIFS/FLARED LANDING APPROACH 

EVALUATION FLIGHT DATA SUM)*1ARY 

FLT - DATE 
TLRBULENCE 

891 - 12/4/85 
None 

892 - 12/5/85 
None 

c-  
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FLT - DATE 
TLRBULENCE 

r 

093 - 12/5/85 
None 

094 - 12/5/85 
None 

095 - 12/7/05 
Light  

Table 7 (Cont'd) 
TIFSfiLARED LANDING APPROACH 

EVALUATIaJ FLIGHT DATA SUMMARY 

TD PERFORWCE 
AW * 

-6 V X Y 

1 No T.D. - Heavy 
2 No T.D. - Heavy 
3 
4 
5 

' I  1 
T.D. - I n  PI0 

9 NO T.D. - I n  PI0 

11 

7 I No T.D.-Inten. PI0 1 
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FLT - DATE 
TlRBkENCE 

096 - 12/7/85 
Light 

897 - 12/7/85 
Light 

098 -12/10/85 

None 

Table 7 (Cont'd) 

EVALUATION FLIGHT DATA 5iUMWRY 
TIFSAARED LANDING APPROACH 

TD PERFORHANCE I 

- 1  1 
NO T.D. - I n  
No T.D. - In PI0 

Do not count i n  performance - p i l o t  not set up 
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I 
FLT - DATE 
TLRBULENCE I 
900 - 12/12/85 

None 

901 -12/12/85 

None 

(Boeing F l t .  ) 

I 902 -12/12/85 
Light 

(Boeing F l t  . ) 

PILOT 

B 

D 

E 

Table 7 (Cont’d) 
TIFShARED LANDING APPROACH 

EVALWTION FLIGHT DATA SUMMARY 

I PILOT RATING I I TD PERFORMANCE I 
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FLT - DATE 
TLRBU-ENCE 

904 -12/13/85 

None 

(Boeing F1 t . ) 

with 
moderate 

taped 
turbulence 

905 -12/13/85 
Light 

906 - 12/17/85 

Light 

Table 7 (Cont’d) 
TIFS/FLARED LANDING APPROACH 

EVALUATION FLIGHT DATA SUMMARY 

1 
Y - 
14 - 
15 
11 

-8 

a 
12 - 
13 
10 - 
5 
7 

-I 

2 
0 - 
5 
6 - 
4 
-4 

0 
-3 

- 
- 
-4 
-2 - 
-4 
1 - 
0 

I - 
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FLT - DATE 
TUieULENCE 

907 - 12/17/85 
Light 

AH app's a t  
Buffalo 

(DFVLR F l t . )  

908 -12/10/85 
Light t o  Mod 

%&toEa#&8d 
A U  app's a t  
Buffalo 

909 -12/20/85 

None 

(DFVLR F l t . )  

PILOT 

G 

C 

- 
G 

Table 7 (Cont'd) 
TIFS/hARED LANDING APPROACH 

EVALWTION FLIGHT DATA SUMMARY 

CONF 

1 

2 

13 

17 

11 

- 
12 

4 - 
5 

6 - 
7 

PILOT RATING I TD PERFORMANCE 

1 3 126 -- -6 

2 3 120 -- -11 

1 ho T.D. - Heavy 

12 

13 1 123 480 11 
14 1 123 0 4  
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Table 7 (Cont’d) 
TIFS/kARED LANDING APPROACH 

€VALUATION FLIGHT DATA SUMMARY 

I 

913 - 1/8/06 F 27 2 4; 4: 4 

None 
25 5 7 7 4 

(Lockheed F l t  1 

A l l  app’s  a t  
Buffa lo  22 3 6 6 4 

1 
2 

3 
4 
5 

6 

TD PERFORWCE 
APP * I  

- 6  V X Y 

1 1 125 Long 4 -- 9 2 1 119 

3 1 120 Long 19 
9 4 1 116 -- 

2 120 -- -4 
3 125 Long -1 

4 125 -- -7 
2 127 Short -3 
2 116 Short -5 

2 124 Long -4 

3 I 1 1 1 1 2  I 
0 I o  

4 1 118 0 -6 
5 1 116 0 -7 

1 1 115 -- 4 
2 3 123 -- -4 
3 3 121 -- -4 

4 4 125 -- -3 
5 6 115 -- -4 

6 2 126 -7 
2 121 Long -7 7 

8 3 120 -- -2 
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FLT - DATE 
TlRBULENCE 

X Y 

-- -4 -- -2 

-- -1 -- -4 

I 

-- -6 -- -7 

-- -4 

3 -- -4 
-- 

-- 0 
4 -- 

-- -7 
0 -- 

-- -7 

Short -5 -- -10 

do T.D. - In PIO 
1 119 -- -6 

914 - 1/8/86 

L i g h t  

1 
2 

1 
1 

1 
4 

1 

AU app’s a t  
Bu f fa lo  

915 - 1/8/86 

116 
118 

114 
121 

111 
116 

119 

I L i g h t  t o  Mod. 

2 
2 

AU app’s a t  
Bu f fa lo  

916 - 1/9/06 

L i g h t  

AU app’s a t  
B u f f a l o  

119 
125 

Table 7 (Cont’d) 
TIFS/hARED LANDING APPROACH 

EVALUATION FLIGHT DATA SUMMARY 

I I PILOT RATING I 
AW 

1 
2 - 
3 
4 - 
5 
6 - 
7 - 
1 
2 - 
3 
4 - 
5 
6 - 
7 - 
1 
2 - 
3 
4 - 
5 
6 

7 

7 
8 - 

TD PERFORMINCE I 

f 3 119 

3 I 123 

5 1 ::’: 
I 
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FLT - DATE 
TLRBULENCE 

917 - 1/9/86 

Moderate 

(Lockheed F l t  

AH app's a t  
Buffalo 

918 - l/l0/86 

Light 

PILOT 

F 

- 
A 

f 

Table 7 (Cont'd) 
TIFS/hARU) LANDING APPROACH 

€VALUATION FLIGHT DATA SUMMARY 

10 No T.D. - I n  PI0  

5 4 6 6 3 11 1 121 -- -7 
12 3 121 Long -6 

A 
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A cross reference between configuration, f l i g h t  number and p i l o t  is 
provided i n  Table 8. 

Table 8 

CONFIGUIATION - FLIGHT NUMBERkILOT CROSS REFERENCE 

B 
1 

2 

3 
4 

5 

6 
7 

8 
9 

10 

11 

12 

13 
14 

16 

17 

Lead/L 

18 
19 

20 
21 

22 
23 

24 

25 

26 
27 

28 

CONFIGURA T I  ON FLIGHT/PI LOT 

8 9 i / ~ ,  893/a, 906/c, g o i b ,  902/~,  912/F 

8 9 i / ~ ,  gou/a, 907/~  

891/A, 9OO/B, 917/F, 907/G 

895/A, 896/B, 909/G 

895/A, 900/B, 915/C, 909/G 

918/A, 900/a, 909/G, (916/A - wi th  +200 ms delay) 

~ W A ,  896/a, 909/~  
895/A, 905/tl, 909/G 

898/8, 915/C, 91O/G 
918/A, 91U/G 
918/A, 91U/G 

918/A, 917/F, 909/G 

918/A, 909/G 

917/F, 907/G 

918/A, 907/G 

904D 

894/~,  898/a, 908/c, 904~1, 9 0 4 / ~  

9 914/A, 896/d, 904/b, 904/E 

894/A 
894/A 

894/~,  9oo/a, 904/b, 9 0 4 / ~  

895/~,  893/a, m / c ,  913/~  
895/~,  sstva, m / c  

892/A, 897/d, 906/C, 912/F 

892/A, 896/d, 906/C, 902/E, 912/F 

892/A, 916/A, 893/8, 915/C, 901/b, 913/F 
892/~,  m / a ,  g i i / c  

892/~,  897/a, 906/c, 902/E, ~ W F ,  913 /~  

892/A, 916/U, 893/8, 911/C, 901/b, 917/F 

17 
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Table 8 (Cont’d) 
CONFIGURATION - FLIGHT NUMBERflILOT CROSS REFERENCE 

CONF I GURA T I  ON FLI GHT/PI LOT 

22A 914/A, 8 9 7 h  

2% ~ W A ,  897/a 

2aA 914/A, 898/d 

4.3 PILOT RATINGS 

A summary tabulat ion of the p i l o t  ra t ings  versus configuration and 
evaluation p i l o t  are shown i n  Tables 9, 10, and 11 for Approach, F lare and 

Touchdown, and Overal l  ratings,  respectively. PI0 ra t ings  are tabulated on 
Table 12. 
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Table 9 
. PILOT RATINGS, APPROACH 

CONFIGURATION 

B 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
16 
17 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
224 
2% 
28A 

17 + L/L 

- 
A 

3 
2 
2 
3 
4 

4,3* 
2 
4 

3 

5 
6 

3 

2 
4 
3 

2 
3 
5 
6 
3 

392 
2 
3 

293 

- 

2; 

2; 

3; 
4 
2 

B 

2 
3 
3 
6 
2 
5 
6 
4 
3 

3 
3 

5 
3 
7 
2 
3 
3 
3 
5 
7 
5 
4 
7 

- 
C 

3 

4 

2 

2 

3 
4 
5 
5 
6 
3 
3 
3 

P I L O T  

D 

2 

2 
4 
2 

4 

3 

5 

E 

393 

1 
4 

3 

2 

4 

F 

2 
3 

5 

3 

5 
3 

3; 
5 

2 
3 

G 

3 
3 
2 
5 
3 
3 
2 
2 
4 
2 
2 
4 
3 
3 

* had +ZOO ms delay i n s e r t e d  i n a d v e r t a n t l y  
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Table 10 
PIWT RATINGS, FLARE AND TOUCHDOWN 

CONFIGURATION 

B 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
16 
17 

17 + L/L 
18 
19 
20 

22 
23 
24 
25 
26 
27 
28 
22A 
25A 
28A 

21 

A 

3 

3 
3 
2 

6,9* 
2 
5 

3 

7 
9 

4 

2 
3 
2 

2 
4 
7 
3 
4 

394 

2; 

2; 

2; 

2; 

4; 
3; 

5 
3 9 8  

5 

B 

3 
3 
3 
6 
2 
6 
3 
5 
2 

- 

3 
3 

4 
6 
9 
3 
3 
5 
4 
8 

10 
9 
5 

10 

C 

3 

4 

2 

2 

2 
5 
5 
5 
8 
3 
6 
7 

PI LOT 

D 

2 

2 
4 
3 

3 

4 

8 

E 

* had +ZOO ms delay inser ted  inadve r t an t ly  

4-15 

392 

2 
3 

2 

3 

8 

F 

2 
3 

- 

8 

5; 

5 
6 

3; 

4; 

7 

5 

- 
G 

3 
6 
2 
5 
3 
3 
2 
2 
5 
3 
2 
6 
9 
5 



CONFI GIRA T I  ON 

B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
16 
17 

17 + L/L 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
224 
2% 
28A 

Table 11 

. PILOT RATINGS, OVERALL 

A 

3 

3 
3 
4 

6,9* 
2 
5 

3 

7 
9 

4 

2 
4 
3 

2 
4 
7 
4 
4 

2; 

2; 

2; 

394 

5 
398 

2; 

4; 
4 
5 

B 

3 
3 
3 
6 
2 
6 
6 
5 
2 

3 
3 

5 
6 
9 
3 
3 
5 
4 
8 
10 
9 
5 
10 

C 

3 

4 

2 

2 

3 
5 
5 
5 
8 
4 
6 
7 

PILOT 

D E 

393 

2 
4 

3 

3 

8 

* had +200 ms delay inserted inadvertantly 

F 

2 
3 

8 

5; 

5 
6 

3; 

4; 

7 

5 

G 

3 
6 
2 
5 
3 
3 
2 
2 
5 
3 
2 
6 
9 
5 
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Table 12 
PI0 RATINGS 

* had +200 ms delay inserted inadvertantly 
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4.4 PILOT COlrrMNTS 

The reader i s  referred t o  Appendix D which presents the complete 

t ranscr ibed evaluation p i l o t  comments for  each evaluation. Included i n  these 

comments are some per t inent  post f l i g h t  comments as w e l l  as the i n  f l i g h t  

comments. 

4,5 APPROACH TIME HISTORIES 

Time h i s to r i es  of the approaches are presented i n  Appendix E. These 

time h i s t o r i e s  cover the f i n a l  twenty seconds o f  an approach and show cont ro l  

a c t i v i t y  and important responses of the a i r c r a f t .  



Section 5 
INTERPRETAlIoN OF THE RESULTS USING MIL-F-8785(C) 

AS A FLIGHT CONTROL DESIGN CRITERIA 

5.1 INTRODUCTIaJ TO ANALYSIS 

The resu l t s  o f  the experimental f l i g h t  t e s t  program strongly ind ica te  
t h a t  the response of primary i n te res t  t o  a f l i g h t  con t ro l  system designer i s  
angle o f  attack. Angle o f  attack i s  the fundamental and therefore, the most 
c r i t i c a l  physical quanti ty associated with the maneuvering f l i g h t  o f  an 
airplane. The purpose of an elevator on an airplane i s  t o  ro ta te  the airplane 
with respect t o  the r e l a t i v e  wind, therefore changing the angle o f  attack. 
The resu l t i ng  change i n  l i f t enables the airplane t o  maneuver, thereby 
a l t e r i n g  i t s  f l i g h t  path. 

A p i l o t ,  however, does not normally sense angle o f  attack and senses 
changes i n  f l i g h t  path angle often only through v e r t i c a l  accelerat ion as a 
surrogate variable or perhaps d i r e c t l y  when close t o  the ground. The variable 
the p i l o t  senses most d i r e c t l y  and consciously during maneuvers appears t o  be 
a t t i t u d e  changes. 

Considerable f l i g h t  experimentation resu l t s  suggest t ha t  the primary 
response of i n t e r e s t  t o  a p i l o t  i s  f l i g h t  path; i.e., the p i l o t  almost always 
manipulates h i s  cont ro ls  i n  order t o  change the d i rec t i on  o f  the f l i g h t  o f  the 
airplane. The var iable he senses most often, however, appears t o  be changes 
i n  a t t i tude .  I t  can be concluded, and considerable evidence e x i s t s  t o  support 
the contention tha t  the p i l o t  wants the airplane t o  f l y  i n  a d i rec t i on  propor- 
t i o n a l  t o  the d i rec t i on  being pointed. The key t o  whether or not  changes i n  

a t t i t u d e  can be used as a surrogate or subst i tu te  for changes i n  f l i g h t  path 
angle i s  the behavior o f  the angle o f  attack response o f  the vehicle (or  
changes i n  l i f t  i f  other than an elevator alone i s  used f o r  maneuvering 

purposes). 

The resu l t s  o f  the f l i g h t  experiments reported upon i n  t h i s  document 
suggest tha t  a p i l o t  prefers  a f l i g h t  con t ro l  system designed such tha t  he can 
use changes i n  p i t c h  angle as a surrogate f o r  changes i n  f l i g h t  path angle. 
I f  the correspondence between pitch angle and f l i g h t  path angle i s  inadequate, 
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however, there are indications that  he w i l l  judge the vehicle f l y i n g  qual i t ies  
directly on the basis of . the  i (and/or y)  dynamic behavior of the vehicle. 

F l y i n g  qual i t ies  requirements, a s  defined by MIL-F-8785(C) concen- 
t r a t e  on t h e  quality of the  angle of attack response of the vehicle. The data 
used t o  formulate the specification was obtained primarily from conventional 
or angle of attack command airplanes. Because ( t o  a fa i r ly  good approximation 
for  conventional a i r c ra f t ) ,  y &a and because for a majority of the f l i g h t  
experiments the pi lot  was located near t h e  center of rotation (percussion), 
the specification on angle of attack served equally well for i or nz, a s  well. 
A conventional o r  angle of attack command airplane has an a/6(s) transfer 
function characterized usually by phugoid poles placed relatively close t o  the 
lower frequency zeros, therefore, there is l i t t l e  residue of the phugoid mode 
i n  t h e  angle of attack response. I n  the long term response of the vehicle 
there was l i t t l e  question of the use of pitch angle a s  a surrogate for f l i g h t  

path; since &t) A 0 a f t e r  t h e  short term response, Ay Be and changes i n  
pitch at t i tude indicated corresponding changes i n  f l igh t  path angle. 

The w, v s  n/a (constant CAP) requirement i n  MIL-F-8785(C) defines the 
region of acceptable short period frequency as  a function of n/a and there- 
fore, w i t h  the addition of an acceptable < range, define t h e  ranges of 
acceptable a( t )  dynamic behavior of the vehicle i n  t h e  short term. The asso- 
ciated acceptance correlation parameter between angle of attack (or i n  conven- 

t ional a i rc raf t ,  nz) and p i t ch ing  motions is defined by CAP = . Alter- 

. For an nately, the CAP parameter is  defined a s  CAP A - - 
acceptable angle of attack (or nz ) response, the dynamics of the pitch a t t i -  
tude response is defined a s  a function of velocity and 1/rQ2. Therefore, the 
w, v s  n/a item i n  MIL-F-8785 (C) describes not only t h e  acceptability of the 
angle of attack behavior of the airplane, but  also defines the harmony between 
rotation and translation (pitch and heave) i n  the short term. 

SP 

"I t=o+ 
"4 sssp 

w2n - w'n 

n/a V/g ( l/Tq 

SP 

I n  the long term, the experimental resul ts  reported upon herein 
strongly suggest a requirement that  i n  t h e  long term the parameter of impor- 
tance is  correspondence between changes i n  y and e. The smaller the phugoid 
o r  low frequency residue i n  a( t )  t h e  more l ikely w i l l  be t h e  acceptance by the 
p i lo t  of t h e  dynamics of the vehicle. 

f 
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I t  can be shown tha t  many of the recent ly proposed f l y i n g  q u a l i t i e s  

i nd i ca to rs  corre la te with the requirements on a(t). For instance, the p i l o t  
d i s l i k e s  p i t c h  

The p i l o t  general ly does not  prefer a high phugoid frequency except i f  the 

vehic le  i s  a command, for  then &(t) E 0 i n  the long t e r m  and Ae = Ay. I f  the 
c o n t r o l  system i s  configured as a ra te  command system i n  the short term (i.e., 
no p i t c h  "overshoot") then l/re2 should have a value s u f f i c i e n t l y  large such 

t h a t  the angle o f  a t tack response, (which is dominated by 1/~,~ i n  t h i s  type 

o f  system), i s  su f f i c i en t l y  rapid t o  sat is fy  the o, vs n/a requirement o f  

MIL-F-8785(C). F ina l l y ,  if the phugoid frequency i s  very low (or approxima- 

t e l y  equal t o  l/Tel) then the long term residue i n  both a and q i s  small and 
the f l y i n g  q u a l i t i e s  are enhanced. I n  fact, i f  the long t e r m  modes o f  motion 

were e n t i r e l y  decoupled from p i t ch  and heave, i t  appears t o  make l i t t l e  d i f -  
ference whether the f l i g h t  cont ro l  system i s  configured as an angle o f  at tack 

or  p i t c h  ra te  command system, and i n  fact the p i t c h  r a t e  command system 

appears t o  be preferred because the p i l o t  has confidence tha t  f l i g h t  path w i l l  
be i n  correspondence with the p i t ch  commands. 

" bobble" unless y also "bobbles" i n  adequate correspondence. 

5.2 ANALYSIS OF THE RESLLTS 

5.2.1 Comparison with q, vs n/a Requirements 
- ~ ~~ 

Table 13 summarizes the p i l o t  ra t ings  for  the f i r s t  14 dynamic 

conf igurat ions o f  the experimental f l i g h t  t e s t  program. Separate evaluations 

were s o l i c i t e d  f o r  the approach and the flare/touchdown segments o f  the 

landing task. 
.? 

Figure 18 locates the configurations with respect t o  the o, vs n/a 
constant CAP requirement of  MIL-F-8785(C) o f  the f i r s t  14 configurations. 

Configurations 2, 4 and 10 are predicted t o  be Level 2, because the damping 

r a t i o  was higher than the allowable r; = 1.3, w h i l e  Configuration 11 and 12 are 

not  included because they are higher order. MIL-F-8785(C) accurately predic ts  

the average ra t ings  o f  7 o f  the 12 configurations for  the approach, and on ly  4 

o f  the 12 configurations during f l a r e  and landing. The rather  poor p red ic t i ve  

a b i l i t y  o f  MIL-F-8785(C) strongly suggests the need f o r  c r i t e r i a  improvements 

r e l a t i n g  t o  p i l o t i n g  technique and/or vehicle dynamics command configurations. 

Configurations 13 and 14 ind icate strongly tha t  the f l a r e  and landing task may 
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be q u i t e  demanding, r equ i r ing  considerably more s t r i n g e n t  c o n s t r a i n t s  than 
those  ou t l ined  i n  the  Category C requirements of MIL-F-8785(C). A s  shown i n  
F igure  18, Configurations 13 and 14 would be rated Level 1 according t o  the 
Category C requirements and for t h e  approach phase o f  f l i g h t ,  t h e  C require- 
ment accurately p r e d i c t s  t h e  r a t i n g .  For flare and landing, t h e  r a t i n g s  were 
Level 2 and 3, and as shown i n  t h e  f i g u r e ,  more accurately corresponding t o  
t he  f l i g h t  precis ion requirements o f  Category A f l i g h t .  

Table 13 
PILOT RATINGS suI).1ARY 

Configs. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Approach 
Actual Mean 

2.8 
2.7 
3.7 
3.8 
4.0 
3.7 
3.3 
2.3 
3.5 
2.3 
4 .O 
5.0 
3.0 
3.0 

Flare and Land 
Actual 

2f,  3,3,3 

3,396 
3,692 
2,2,4,5 
6,693 

5,592 
2,292 
395 

7,892 
996 

495 

2,3;3 

2f,3 

5f,9 

Mean 

2.8 
4.0 
3.7 
3.2 
5.0 
2.7 
4.0 
2.0 
4.0 
2.8 
5.7 
7.5 
7.3 
4.5 

Predicted FQ Level 
(MIL-F-8785-C) 

1 
2 
1 
2 
1 
1 
1 
1 
1 
2 

1 
1 
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NOTE: THE BOUNDARIES FOR VALUES OF n/cX GREATER THAN 

THE LEVEL 3 BOUNDARY FOR n / a  LESS THAN 1.0 IS 
100 ARE DEFINED BY STRAIGHT-LINE EXTENSIONS. 

ALSO DEFINED BY A STRAIGHT-LINE EXTENSION. 

7 OF 10 CONFIGURATIONS ACCURATELY PREDICTED FOR APPROACH 
4 OF 10 CONFIGURATIONS ACCURATELY PREDICTED FOR FLARE AND LAND f 

0.1 I I I I I I I l l  I I I I I 1 1 1  
1 .o 10 100 

Figure 18. coMpARI9oN WITH MIL-F-8785(C) SHORT PER100 REQUIREENTS 
7 OF 12 CONFIGlRATIONS CORRECTLY PREDICTED 
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5.2.2 Comparison w i t h  vs < Requirements 

Figure 19 locates the configuration with respect t o  the U,.,T,* vs 
requirements o f  the proposed MIL-F-8785( C) Standard and Handbook. This 

f i gu re  accurately predic ts  the mean f l y i n g  q u a l i t i e s  l e v e l  f o r  only 4 o f  the 
12 configurations f o r  the f l a r e  and landing task whether i t  is considered t o  

be Category C or i f  the task i s  considered t o  be Category A. 

<SP 

5.2.3 Time Domain Analysis 

An alternate way t o  i n t e r p r e t  the 0, vs n/a requirement o f  MIL-F- 
8785(C) i s  t o  develop a normalized time h i s to ry  response envelope o f  a( t )  

based upon the range of allowable shor t  period frequency and damping r a t i o  f o r  
a pa r t i cu la r  value of n/a. Because, however, there i s  some question as t o  
whether the most appropriate requirement i s  defined by Category A or  Category 
C prec is ion as applied t o  the f la re  and landing task, an angle o f  at tack t i m e  
h i s t o r y  envelope was developed d i r e c t l y  from the f l i g h t  data found i n  
Reference 17, the data base used t o  formulate the MIL-F-8785(B) requirements. 
The development o f  t h i s  time h i s to ry  envelope, shown i n  Figure 20 i s  de ta i led  
i n  Reference 11. The data used t o  develop the time h i s to ry  envelope covered a 
range o f  n/a o f  3.5 t o  11.8, so the envelope would be expected t o  be l ess  
broad (i.e., more str ingent) than an envelope obtained by transformation of 

the q7 vs n/a requirements o f  MIL-F-8785(C) f o r  each value o f  n/a. 

The f l i g h t  data from which the a( t> envelope of Figure 20 was devel- 
oped has two major l im i ta t i ons  or res t r i c t ions .  F i r s t ,  the data were 
col lected from variable s t a b i l i t y  a i r c r a f t  t ha t  were mainly angle o f  attack 
command or  conventional a i r c r a f t  configurations i n  tha t  the phugoid mode was 
normally l i g h t l y  damped but dynamically stable. The second l i m i t a t i o n  i s  t ha t  
the phugoid dynamics were no t  spec i f i ca l l y  documented with the data, so the 
e f fec ts  of the phugoid mode residues could no t  be included - the a ( t )  t i m e  
h i s t o r y  response envelope considered only the pa r t  of the angle of attack 
response a t t r ibu tab le  spec i f i ca l l y  t o  the short period mode. Because o f  these 
r e s t r i c t i o n s  i t  i s  expected tha t  only those configurations tha t  were angle o f  
at tack command i n  the long term, i.e., a( t )  approached a constant value as 

t + - could be evaluated with respect t o  the envelope. The re f  ore, 
Configurations 2, 3, 6 ,  7, 10, 11, 12, and 14 were no t  evaluated with respect 
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Figure 19. CONFIGLRATIONS 1-10, 13 AND 14 wTe2 VS. csp REQUIREHP(TS 

4 OF 12 CONFIGLRATIONS CORRECTLY PREDICTED 

Figure 20. T I E  HISTORY RESPONSE ENVELOPE 
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t o  the  time h is to ry  response envelope. The responses of Configurations 1, 4, 
5 ,  8, 9 ,  13, and 16 are shown i n  Figures 21  through 26 with respect t o  the 

time h i s to ry  envelope c r i t e r i a .  The r e s u l t s  ind ica te  tha t  the angle o f  at tack 
time h i s t o r y  response envelope c r i t e r i a  i s  as accurate an ind ica tor  o f  Level 1 

f l y i n g  qua l i t i es  as the  % vs. n/a requirement of MIL-F-8785(C). I n  fact ,  the 
a(t) envelope, with the r e s t r i c t i o n  t h a t  the responses represent only the 
shor t  per iod mode, i s  a d i r e c t  time domain representation o f  the q, vs. n/a 

requirement. 

I t  should be stressed tha t  no s ing le  f l y i n g  q u a l i t i e s  ind ica tor  i s  
fool-proof i n  the sense tha t  exceptions do no t  ex is t .  The purpose o f  an indi-  

cator  such as the angle o f  at tack time h i s to ry  envelope i s  t o  serve as a guide 
t o  the f l i g h t  con t ro l  system designer. The sat isfact ion o f  an ind ica tor  
merely serves t o  increase the p robab i l i t y  t ha t  h i s  design w i l l  have Level 1 

f l y i n g  qual i t ies .  Many other factors, inc lud ing i nd i v idua l  p i l o t i n g  technique 
have been shown t o  a f f e c t  the p i l o t  r a t i n g  o f  a configuration. Agreement with 

indicators, however, tend t o  account f o r  a wide range o f  p i l o t i n g  technique 
because the f l i g h t  experiments flown t o  form a data base were performed with a 
var ie ty  o f  p i l o t s  and t h e i r  associated varying techniques. I n  these experi- 
ments, P i l o t  G exhibited a smooth technique with minimum s t i c k  a c t i v i t y  while 
P i l o t  B was constantly pumping or "dithering" the s t ick .  As i s  t o  be 
expected, P i l o t  G tended t o  prefer the angle o f  at tack command configurations 
while P i l o t  B tended t o  prefer the p i t c h  r a t e  command configurations i n  which 
a pulsing s t i c k  input  command technique produced approximately the same type 
o f  response as the smoother step command inputs  o f  the angle o f  attack command 
configurations. I t  appears, however, t ha t  i f  the angle o f  attack response i s  

w e l l  behaved as defined by the angle o f  attack response envelope, both 
p i l o t i n g  techniques can be accomodated. As seen from the figures, 

Configuration 1, an angle o f  attack command configuration i n  both the short 
and long term and Configuration 8, a p i t c h  r a t e  comnand configuration i n  which 

the angle of attack response almost s a t i s f i e s  the c r i t e r i on ,  were both rated 
Level 1 by a l l  three p i l o t s  who evaluated the configuration. 

One s ign i f icant  exception t o  the angle o f  at tack response envelope 
r u l e  i s  noted. Configuration 10, with no phugoid residue i n  e i t h e r  angle o f  
at tack or p i t c h  ra te  was rated Level 1 although the angle of at tack response 
d i d  no t  sat is fy  the angle o f  at tack response envelope c r i t e r i a .  
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The lessons learned by the analysis shown i n  th is  section i s  t ha t  the 
f l y i n g  qua l i t i es  are most l i k e l y  t o  be rated acceptable by a range o f  p i l o t s  
with d i f f e r i n g  p i l o t i n g  techniques i f :  

1. The angle o f  attack response complies w e l l  with the 
angle of at tack response envelope and 

The system i s  configured as angle o f  at tack command 
i n  the long term or  phugoid mode. 

2. 

I t  i s  d i f f i c u l t  t o  express the angle o f  at tack response requirements 
i n  terms o f  t h e  other responses o f  the vehicle. For instance, Configurations 
11 and 12 showed smooth, w e l l  behaved short term responses i n  both p i t c h  r a t e  
and normal accelerations, and suggest compliance with the short term require- 
ments. The lack o f  harmony between a t t i t u d e  and f l i g h t  path, however, i s  
demonstrated by the f a c t  t ha t  the angle o f  at tack response i s  no t  we l l  
behaved. An equivalent system analysis o f  angle o f  attack yielded resu l t s  
showing angle o f  at tack t o  be approximated accurately by an integrator, K/s, 

and has poor f lying qual i t ies ,  

I t  appears possible t o  formulate an angle o f  at tack response time 
h i s t o r y  envelope t o  include the e f fec ts  o f  phugoid mode residue. Ind ica t ions  
are tha t  some residue i s  allowable, but n o t  very much. I t  i s  suggested t h a t  a 
Level 1 c r i t e r i a  could al low a var ia t ion  from the short-period-only steady 
s ta te  value o f  approximately +lo%, -5% during the f i r s t  5 or 6 seconds o f  the 
angle o f  attack response t o  a p i l o t  step s t i c k  command input. 

Phuqoid or Long Term Dynamics 

Perhaps more c lea r l y  than any other resul t ,  the preference i s  t ha t  

the airplane f l y  i n  the d i rec t ion  i t  i s  pointing, i.e., i n  the long term the 
preference i s  for A6 = Ay. This observation seems t o  be much more important 

than spec i f i c  values o f  phugoid frequency and damping ra t i o .  Configuration 1, 
an angle o f  attack command a i r c r a f t ,  shows large phugoid residue i n  both p i t c h  
angle and f l i g h t  path angle, but  the two angles are i n  harmony, i.e., Ae = Ay 

because &(t) I 0 i n  the long term. Configura- 
t i ons  11 and 12, the command configurations, show large dif ferences between 
changes i n  a t t i t ude  and changes i n  f l i g h t  path angle and are rated Level 2 and 

The configuration i s  Level 1. 
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Level  3. The only difference between Configurations 6 and 8 i s  the bet ter  
harmony between e and y . f o r  Configuration 8 ,  which i s  angle o f  attack command 

i n  the long term. Configuration 8 was rated Level 1 by a l l  the p i l o t s .  One 
can eas i ly  conclude tha t  the most important parameter i n  the long term f o r  
manual f l i g h t  i n  the f l a re  and landing i s  the harmony between a t t i t ude  and 
f l i g h t  path angle. Therefore, the most important c r i t e r i a  f o r  long term 
behavior i s  the dif ference between e and y, which is angle of attack. 

The resu l t s  of t h i s  experimental f l i g h t  t e s t  program suggest t ha t  the 
f l i g h t  cont ro l  system should be designed t o  be angle o f  attack command i n  the 
long term regardless o f  the short term command configuration. I f  a t t i t u d e  

"hold" i s  desirable, then the zeros o f  the angle of at tack t ransfer function 
should be approximately the same as the zeros o f  the p i t c h  ra te  t ransfer func- 
t ion,  thereby minimizing phugoid mode residue i n  both the angle o f  attack and 
p i t c h  rate. To do t h i s  would require a second control ler ,  such as a canard, 
used independently o f  the elevator. Configuration 10, designed as a p i t c h  

ra te  command system with no phugoid residue i n  e i t h e r  a or was c lea r l y  rated 
Level 1 by both p i l o t s  for f lare and landing even though l/Te2, which domin- 

ates the a(t> response, would be considered t o o  low f o r  a Level 1 rat ing.  
This might be interpreted t o  mean tha t  a small increase i n  y a f te r  e has been 
positioned by the p i l o t  i s  acceptable. Configuration 2, which was not rated 
as h igh ly  but had the same short period dynamics as Configuration 10, showed a 

decrease or  "droop" i n  y a f t e r  the a t t i t ude  was set by the p i l o t .  I n  ra te  
command systems, a t t i t u d e  might be used by the p i l o t  as an ant ic ipatory cue 
t h a t  y w i l l  follow. When t h i s  does not happen, a larger value o f  

l h e 2  appears t o  be required t o  show the e-y relat ionship more quickly t o  the 
p i l o t .  

I t  appears then that i f  the designer were t o  t r y  t o  obtain optimum 
f l y i n g  qua l i t i es  f o r  a ra te comnd/at t i tude hold system, he might requ i re  
e i t he r  a canard with low contro l  power t o  minimize the angle o f  attack residue 
i n  the long term, or a d i r e c t  l i f t f l a p  with high contro l  power t o  optimize 

the e f fec t i ve  value o f  1he2. 
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5.2.4 Desiqn o f  Rate Comrrand Systems 

One o f t h e  major object ives of the approach and landing f l y i n g  qual i -  

t i e s  experimental program was t o  t r y  t o  transform the f l y i n g  q u a l i t i e s  

requirements into a format more compatible with the techniques o f  the f l i g h t  

con t ro l  system designer. Although the experimental program d i d  no t  include 

higher order systems such as would be obtained i f  a proport ional  p lus i n t e g r a l  

compensation network were used i n  the design process, the experiment d i d  y i e l d  

valuable information f o r  lower order systems, such as would be at ta ined i f  
pole placement or model fol lowing methods were used i n  the design process. 

Because pole placement methods, using e i the r  s ta te feedback or determin is t ic  

observer techniques, do n o t  increase the order of the system response, the 
experiment was designed t o  define f l y i n g  q u a l i t i e d f l i g h t  con t ro l  system 
requirements under condit ions tha t  would be expected t o  y i e l d  optimum f l y i n g  

qua l i t ies .  

For a ra te command system, one o f  the short period poles i s  placed a t  

the zero o f  the constant speed, two degree of  freedom q/Fs(s) t ransfer func- 

t ions,  i.e., a t  s = The other pole i s  defined from the re la t ionsh ip  

T e d  = p. Because the maximum short period damping r a t i o  i s  speci f ied t o  be 
= 1.30, a re la t ionship can be obtained t o  d i r e c t l y  re la te  the minimum 

value of l/Te2 and short period frequency t o  obtain Level 1 f l y i n g  qua l i t i es  
as defined by MIL-F-8785(C). From the t ransfer  funct ion 

SSPmaX 

K 

SP SP 
s2+2@l s + w 2  

+SI = 
S 

the two relat ionships are obtained 

w 2  = p(l/.r ) 
SP '2 

With a maximum short period damping r a t i o  o f  cSp = 1.30, the re la t ionship 
between short  period frequency and l / . r ~ ~  f o r  Level 1 f l y i n g  qua l i t i es  is 
therefore defined by MIL-F-8785(C) t o  be 

SP 
2.131 w 2 l/.r 2 .469 u 

SP '2 



The above equation Specifies a required range of 1/Te2 as a function 

o f  short  period frequency. For the example o f  t h i s  experiment, wsp = 2.0 wi th  
a value o f  1/~,2 = 0.5,  such as defined f o r  the ra te  command Configuration 2, 
would not  sa t i s f y  the above relat ionship and could not be expected t o  be rated 
Level 1 on a consistent basis. For t h i s  case, the angle o f  at tack command 
system of Configuration 1 was indicated, and was shown t o  be Level 1. The 
ra te  command Configuration 6 was chosen with osp = 2.0, 1/~,2 = 0.9, a value 
close t o  the min imum l /~q requirement of, 

l / T q  = .469 WSP (5) 

and was given improved p i l o t  ratings. The relat ionship indicated by Equation 

(4) i s  depicted graphical ly i n  Figure 27. The two l i n e s  drawn i n  the f igure 
show the two equal i ty relat ionships o f  Equation (4). The angle o f  attack/ 
p i t c h  r a t e  preference boundary therefore represents an al ternate way t o  define 
a maximum damping r a t i o  o f  5 = 1.3 speci f ied i n  MIL-F-8785(C). 

2.5- 

,- 

2.6- 

1.5- 

1/re 
2 

1.0- 

0.5- 

- 

0 CONFIG.5-8 

A CONFIG. 13, 14 

PITCH RATE 
COMMAND I PREFERRED 

I I I I 
1 2 3 4 

On 

Figure 27. SKIRT TERM PREFERENCE AS SPECIFIED BY MIL-F-8785(C) 
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5.3 EFFECT OF PILOTING TEWIQUE 

The evaluation p i l o t s  who par t i c ipa ted  i n  the program had varied 

backgrounds. Some were past par t i c ipants  i n  s im i la r  experimental f l i g h t  t e s t  
programs, had complete fami l ia r i za t ion  with the Cooper-Harper P i l o t  Rating 
Scale and past experience with p i t c h  r a t e  command f l i g h t  con t ro l  systems. 
Others were tes t  p i l o t s  fami l iar  with conventional large and medium sized 
a i r c r a f t .  

The evaluation p i l o t s  displayed what i s  believed t o  be a wide range 
o f  p i l o t i n g  techniques during the performance of th is  f l i g h t  experiment. A 

wide range o f  s t i c k  a c t i v i t y  i s  evident even by causual perusal o f  the raw 

data. An examination o f  t y p i c a l  f l a re  and landing data f o r  Configuration 1, 
(Figure 28, 29,  and 30)  show widely varying technique. P i l o t  G used smooth, 
step-l ike inputs  (Figure 30) while P i l o t  B superimposed a nearly constant 1 

her t z  "dither" pumping ac t ion  (Figure 2 9 ) .  P i l o t  A f lew the airplane i n  a 
fashion between P i l o t s  G and B i n  terms of s t i c k  a c t i v i t y  while r e l i e v i n g  the 
required s t i c k  force b ias  by t r im ing  the elevator (Figure 28) .  

The data tends t o  support the hypothesis tha t  p i l o t i n g  technique i s  
re la ted  t o  p i l o t  preference for a r a t e  command o r  angle o f  attack command 
configuration. The most appropriate s t i c k  command input  f o r  an angle o f  
at tack command system i s  a smooth, step or ramp type input  as exhibited by 
P i l o t  G, who tended t o  prefer the short term angle o f  at tack configurations. 
A comparison of  ra t i ngs  by P i l o t  G between shor t  term a-command Configuration 
1 and 3, and short term q-command Configuration 2 and 4 c lea r l y  tends t o  

support the association between technique and command configuration. P i l o t  B 

behaved oppositely. H i s  na tura l  tendency toward a d i ther ing  or pulsing input 

l e d  him t o  tend t o  favor the r a t e  command configurations because h i s  inputs  
were more na tura l l y  i n  harmony with the way a r a t e  command system i s  usual ly  
flown. P i l o t  A ,  on the other hand, displayed both lower frequency step and 
ramp-type inputs  as we l l  as a d i ther ing  input  ( a t  lower frequency than P i l o t  

B). He f lew configurations with prec is ion and l i k e d  almost a l l  o f  the 
Configurations 1-7. 
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Power spectral densi t ies of p i l o t  s t i c k  a c t i v i t y  for the three p i l o t s  
are shown i n  Figures 31, 32, and 33 (Reference 18). The s o l i d  l i n e  shows 
s t i c k  a c t i v i t y  f o r  the approach, while the dashed l i n e s  ind icate a c t i v i t y  

during the f l a r e  and touchdown phase for Configuration 1. These p l o t s  c l e a r l y  
show the low frequency spectrum of P i l o t  G, the narrow bandwidth spectrum o f  

P i l o t  B and the dual spectrum input of P i l o t  A.  

The power spectruns change amplitude with dynamic configuration. 
Figure 34 and 35 show power spectrum for P i l o t s  A and G fo r  Configuration 14, 
rated Level 1 fo r  approach but Level 2 f o r  f l a r e  and landing. These specta 
show no t  only that  the low frequency por t ion o f  the spectrum i s  eliminated 
because steady s t i ck  inputs are not required t o  f l y  the configuration, but i t  
also shows that a p i l o t  f l y s  a poorly rated configuration less aggressively 
than one rated Level 1. The dual mode tendency o f  P i l o t  A seems t o  be pre- 
served, whereas P i l o t  G, who was the smoothest f l y i ng  p i l o t  f o r  Configuration 

1 s t i l l  f l i e s  less aggressively, choosing a low frequency input spectrum. By 
commanding inputs both near and above the short period natura l  frequency, i t  
can be speculated tha t  P i l o t  A i s  evaluating or  ant ic ipat ing both the 
vehicle response, while P i l o t  G i s  f l y i n g  almost t o t a l l y  with respect t o  
f l i g h t  path. 

and 

Although no judgement can be made with respect t o  preferred or 
superior f l y i n g  technique, i t  appears tha t  P i l o t  A may be most versat i le  i n  
terms o f  adapting t o  vehicle dynamic configurations because o f  h i s  dual-mode 
s t i c k  a c t i v i t y  spectrum tendency. The task f o r  the f l i g h t  cont ro l  system 
designer i s  t o  t r y  t o  design the system tha t  w i l l  accomodate the widest 
possible range o f  p i l o t i n g  technique because i t  i s  c lear tha t  a l l  these p i l o t s  
changed t h e i r  p i l o t i n g  technique only minimally as a function o f  configu- 
rat ion.  They each seemed t o  evaluate the configuration with respect t o  their  
i nd i v idua l  inherent technique. Configuration 1, a short and long term angle 

o f  attack configuration and Configuration 8, a higher l / ~ ~ ~  short term A 
command configuration but long term a command configuration seemed t o  best 
accomodate the wide range o f  p i l o t i n g  techniques used i n  t h i s  program. 
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5.4 awausxms AND R-TIONS 

Conclusions 

1. 

2. 

3. 

4. 

5. 

The r e s u l t  o f  the experiment strongly suggest t h a t  the p i l o t  wants the 

p i t c h  a t t i t u d e  t o  be useable i n  determining the f l i g h t  path. The d i f -  
ference between a t t i t u d e  and f l i g h t  path angle, or  angle o f  attack, 

appears t o  be the most important var iable associated with the f l y i n g  

q u a l i t i e s  of an airplane. Because the p i l o t  general ly does not  sense 
angle o f  attack, the angle of at tack response should be "we l l  behaved". 

The f l y i n g  q u a l i t i e s  specif icat ion, MIL-F-8785(C) spec i f ies  short  period 
frequency requirements of the angle of a t tack  response o f  the vehic le as 
a function of  n/a and defines what i s  meant by a " w e l l  behaved'* angle of 

at tack response i n  the short term. 

Results suggest t ha t  p i l o t s  prefer a p i t c h  r a t e  command system only i f  
the angle of a t tack  response i s  w e l l  behaved as defined by the u,, vs n/a 
requirements of MIL-F-8785(C). Because the angle of a t tack  response o f  
a p i t c h  rate command system i s  dominated by 1 / T q  i n  the short  term, 

p i l o t  preference for  a p i t c h  r a t e  command system is a func t ion  o f  1/?e2. 

I n  the long term, a primary requirement appears t o  be tha t  p i t c h  angle 
and f l i g h t  path angle changes be i n  harmony, i.e.1 

A r e l a t i v e  h igh  frequency phugoid appears n o t  t o  be objection- 

able i f  6 ( t>  1 0  i n  the long term, i .e . ,  i f  he = Ay. 

P i l o t  preference is for  p i t c h  r a t e  command/attitude "hold" only 

i f  precise a t t i t u d e  "hold" a lso  r e s u l t s  i n  precise f l i g h t  path 
angle "hold". 

Results of the f l i g h t  t e s t  program suggest t h a t  the Category C precis ion 
requirements, as they appear i n  MIL-F-8785(C), are adequate f o r  approach. 
Higher precision, perhaps as defined by the Category A requirements, 

appear t o  be required for  the f l a r e  and landing segment o f  the task. 
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6.  The results suggest t ha t  a wide range of pi lot ing technique can be accom- 
modated byr 

1. An angle of atack command configuration showing large 
phugoid mode residues in  e and y. 

2. A p i tch  rate c o m n d  configuration showing very l i t t l e  
phugoid mode residues in  a and y. 

Recommendations 

1. Validation of t h e  lower wn vs n/a CAP boundary is cri t ical  t o  flying 
qua l i t i es  and f l i g h t  control system design. The vehicle fo r  t h i s  experi- 
ment should be configured both as  an angle of attack and p i t c h  rate 
command system w i t h  no phugoid mode residue i n  either angle o f  attack or  
pi tch rate i n  order t o  separate phugoid and short period modal effects. 

2. The effect of phugoid mode residue i n  a(t)  f o r  both angle of attack and 
p i t c h  rate command systems i s  an important element i n  t h e  establishment 
of design of criteria requirements. Indications are that a phugoid mode 
e f f ec t  w i l l  be substantial. A f l i g h t  experiment t o  define allowable 
phugoid mode residues is  highly recommended. 

3. The values of 1 / T q  as  a function of wsp t o  es tabl ish the  boundary 
between angle of attack and rate  command preference should be verified. 

4. Additional command configurations directed toward the optimum use of 
multiple control lers  i s  c r i t i c a l  t o  future f l igh t  control system design. 

5.  A strong f l i g h t  control system design trend is toward t h e  higher order 
rate command, att i tude hold system. Proper design criteria f o r  t h i s  type 
of system should be established. 

a )  Direct lower order ( 4 t h )  and higher order (5 th )  comparisons 
should be made. 

b) Phugoid mode residue limits and l/?e* requirements should 
be established. 
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6.  

7. 

8. 

9 .  

A similar study of the i ( y )  command system conf igu ra t ion  should be under- 
taken.  Because the  system seems t o  be g a i n i n g  i n  p o p u l a r i t y ,  t h e  
requi rements  f o r  e x c e l l e n c e  should  be established. 

A f l i g h t  c o n t r o l  system des ign  t r e n d  is toward decoupled v e l o c i t y  or 
"auto  t h r o t t l e "  behavior .  Because o f  t h i s  t r e n d ,  an  i n v e s t i g a t i o n  of 
decoupled y/AV systems should be undertaken.  

Assoc ia ted  with r e c o m n d a t i o n  (7) is t h e  requirement  f o r  f l y i n g  q u a l i -  
t i es  o r  dynamic behavior  t h a t  would best a l low a p i l o t  t o  f l y  a wind 
shear p r o f i l e  . What FCS c o n f i g u r a t i o n s  satisfy the shea r / f ly ing  qua l i -  
ties requirements? 

An a n g l e  of attack command system is an  act) r e g u l a t o r  and could  be 
expected t o  reduce t h e  vehicle ang le  of attack response s e n s i t i v i t y  i n  
turbulence .  A rate command system would reduce a t t i t u d e  excur s ions  i n  
turbulence .  An important f l y i n g  q u a l i t i e s  area o f  i n v e s t i g a t i o n  invo lves  
the design of  t he  c o m n d / r e s p o n s e  c o n f i g u r a t i o n  i n  t h e  presence  of 
tu rbu lence  and wind shears. 
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Section 6 
PREDICTIVE CRITERIA RESULTS AND ANALYSES 

6.1 TIME DOWIN RESULTS AND ANALYSES 

6.1.1 Introduction 

I n  the past, time delays have been considered, for the most part, 
autonomous contributors to  f l y i n g  quali t ies.  Attempts were made to  specify 
various levels of time delay as  being acceptable or not acceptable for a given 
f l i g h t  task. T h i s  has resulted i n  some confusion i n  that  examples keep 
croping up that  seem to be exceptions to  the rule; i.e., large a i rc raf t  i n  
general and, 'more recently, the X-29. I n  both of these cases, Level 1 perfor- 
mance was achieved w i t h  time delays that were excessive according t o  most o f  

the l i terature .  

Experience with the Calspan Learjet has indicated that the effect  of 
a given amount of time delay i s  dependent on a number of parameters; i.e., 
open-loop frequency and damping, command gain, and feel  system dynamics. A 

hypothesis was developed that the common denominator was the sensit ivity of 
the a i r c ra f t  to  p i lo t  i n p u t s .  This pr03ram provided an opportunity ts examine 
these time delay e f fec ts  i n  a formal manner. 

The resul ts  show that a s  pi tch sensi t ivi ty  i s  increased, tolerance to  
time delay decreases. I n  fact-,. by a proper choice of lower pitch sensi t ivi ty ,  
Level 1 performance could be maintained i n  the flared landing task with time 
delays from 150 ms t o  delays i n  excess of 300 ms. With higher sensitivity, 
configuration w i t h  Level 1 performance a t  150 ms degraded to  Level 2 a t  200 
ms. 

The time delay data from t h i s  program has allowed development of 
parameters that  provide t h e  designer with a method of predicting time delay 
e f fec ts  using simple measurements of computer generated time histories.  These 
time delay and sensit ivity metrics have been applied t o  the previously devel- 
oped time domain predictive c r i te r ia  and the result  i s  a more mature c r i t e r i a  
which, when applied t o  seven f l y i n g  qual i t ies  programs, successfully predicted 
104 of 129 configurations by f l y i n g  qual i t ies  Level (81%). The f l y i n g  quali- 
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t ies of 77 (60%) of these conf igura t ions  were predicted t o  within f l  u n i t  of  
t h e  average Cooper-Harper r a t i n g .  

I n  many cases, t h e  p i l o t  ass igned an o v e r a l l  r a t i n g  f o r  approach and 
landing  and t h e  flared landing task r a t i n g  was n o t  a v a i l a b l e .  I n  o t h e r  cases 
al though the  program was directed a t  l o n g i t u d i n a l  dynamics, t he  task was up- 
and-away, n o t  landing. V l t i l  r e c e n t l y ,  programs d i d  n o t  u t i l i z e  angle  o f  
at tack time h i s t o r i e s  i n  t h e  a n a l y s i s  and they were n o t  practically a v a i l a b l e .  
Other previous  programs d i d  n o t  limit t h e  number of variables (one tries t o  
g e t  a s  much o u t  of each f l i g h t  test  conf igura t ion  a s  p o s s i b l e )  or allowed t h e  
p i l o t  freedom i n  s e l e c t i n g  s e n s i t i v i t y .  Consequently, a l though most previous 
d a t a  can be useful  i n  t e s t i n g  a predictive c r i te r ia ,  very l i t t l e  previous d a t a  
was found t o  be usefu l  i n  developing one. 
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6.1.1.1 Data Base Description 

Data Base Composition 

The o r i g i n a l  i k e n t  of t h i s  program was t o  r e f i n e  the time domain 
p r e d i c t i v e  criteria of t h e  previous p i t c h  rate program (Reference 5) by 
expanding t h e  da t a  base of t h a t  program and t o  inc lude  time delay effects. 
The first part of t h i s  e f f o r t  was t o  be a search of e x i s t i n g  data bases and 
develop a f l i g h t  program test matrix t h a t  would fill t h e  gaps of e x i s t i n g  d a t a  
rather than  dupl ica t ing  previous data. 

The search revealed that  much of t h e  e x i s t i n g  data base was n o t  
applicable, and further t h a t  very l i t t l e  usable  d a t a  was practically available 
o u t s i d e  programs previously conducted by Calspan. I n  order t o  be usable  f o r  
t he  time domain predictive cr i ter ia  refinement I 

0 P i l o t  r a t i n g s  m u s t  be a v a i l a b l e  f o r  t h e  flared landing  task. 

0 The p i l o t  r a t i n g s  must  app ly  t o  t h e  l o n g i t u d i n a l  dynamics. 

0 Time h i s t o r i e s  must be a v a i l a b l e ,  or p r a c t i c a l  t o  r e c o n s t r u c t ,  
f o r  angle  of a t t a c k ,  p i t c h  rate,  p i l o t  s t a t i o n  normal accel- 
e r a t i o n ,  p i t c h  a t t i t u d e ,  f l i g h t  path,  c o n t r o l l e r  i n p u t ,  etc. 

The number o f  v a r i a b l e s  i n  the f l i g h t  conf igura t ion  must be 
l imited s o  t h a t  cause and effect  may be determined. 



During the data search i t  became apparent t ha t  time delay data must 

be generated by t h i s  program. I t  was also determined tha t  creating data f o r  

c r i t e r i a  refinement alone was not t o t a l l y  e f f i c ien t .  The time delay t e s t  
matr ix could be accomplished with a minimum o f  nine (9) and a maximum of 
eighteen (18) configurations. There were other research ef for ts  tha t  could 
achieve data from t h i s  program and the configurations from these other 
programs could a lso be valuable fo r  c r i t e r i a  development outside the time 
delay area. Consequently, a f l i gh t  con t ro l  program was conducted i n  p a r a l l e l  
with the c r i t e r i a  development e f fo r t  and the resu l t s  o f  both programs were 

used f o r  c r i t e r i a  development and refinement. 

The t e s t  matrix was consequently composed of nineteen (19) f l i g h t  
con t ro l  configurations and th i r teen (13) time delay configurations f o r  a t o t a l  

o f  t h i r t y  two (32) configurations. 

Data Base Discussion 

The de ta i l s  of the t i m e  delay and f l i g h t  con t ro l  t e s t  matr ix are 

discussed i n  Section 2. The coverage of t h i s  matrix was excel lent i n  tha t  
only three (3) of the th i r ty- two (32) con'figurations d i d  no t  receive mul t ip le  

evaluations. The average coverage was three evaluations, conducted by three 
d i f f e r e n t  p i l o t s ,  per configuration. This allowed a much more complete 
normalization of the data than i s  possible i n  most f l y i n g  qua l i t i es  programs 
and enhanced trends which l e d  t o  more v a l i d  analysis. 

Without the increased coverage provided by add i t iona l  sponsors during 
the f l i g h t  phase of the program, the  analysis would have been only p a r t l y  

successful. 

6.1.2 Time Domain Results 

The resu l t s  of t h i s  program, as i n  most f l y i n g  qua l i t i es  research 

programs, was p i l o t  r a t i n g  data and comments. On-board d i g i t a l  recording 

served pr imar i l y  t o  assure tha t  the model was correct  and model fo l lowing was 
achieved. The p i l o t  comments were recorded on video and audio tape as we l l  

as being manually recorded by the f l i g h t  t e s t  engineer. Comnents were a lso  
monitored by the safety p i l o t s  and any inconsistencies with comments versus 
ra t ings  were discussed on the spot. This provided faster learning curves f o r  

evaluation p i l o t s  who were not highly experienced with the r a t i n g  scale. 
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6.1.2.1 P i l o t  Rat ings 

Ind iv idua l  p i l o t  r a t i n g s  are shown i n  F igure  36 and 37. Figure  36 
d e p i c t s  the r a t i n g s  f o r  the f l i g h t  c o n t r o l  conf igu ra t ions  and Figure  37 
d e p i c t s  r a t i n g s  for  t h e  time d e l a y / s e n s i t i v i t y  conf igura t ions .  ( I n  F igure  37 
t h e  conf igu ra t ions  are presented o u t  of  numerical  order t o  better p resen t  
t r e n d s  a s  s e n s i t i v i t y  i s  increased  a t  each l e v e l  of  time delay.) 

A brief  s t u d y  o f  these f i g u r e s  w i l l  demonstrate q u i t e  v i v i d l y  the 
importance of mul t ip le  e v a l u a t i o n s  by multiple p i l o t s  i n  f l y i n g  q u a l i t i e s  
research. This i s  shown p a r t i c u l a r l y  well i n  F igure  37, where one knows 
i n t u i t i v e l y  (and from previous f l i g h t  test) that  performance should decrease 
w i t h  i n c r e a s e s  i n  time delay  and s e n s i t i v i t y  from t h e  norm. P i l o t  B fo l lows  
t h e  expected trend q u i t e  c lose ly .  P i l o t  A does for t h e  most part but  i n  the  
case of  Configuration 28, he rates i t  an  HQR of  3 i n  one eva lua t ion  and an  HQR 

o f  8 i n  another  (both eva lua t ions  under similar atmospheric condi t ions) .  I n  
the case o f  P i l o t  C ,  con f igu ra t ions  off  nominal s e n s i t i v i t y  pay a large 
penal ty  and i n  some cases overshadow time delay effects. P i l o t  F i n  
Conf igura t ions  25, 22, and 28 shows a revese  t r end  by p r e f e r r i n g  h igher  
s e n s i t i v i t i e s  as time delay i s  increased.  

When one i s  faced w i t h  analyzing data that  r e s u l t e d  from s i n g l e  eval- 
ua t ions  t h i s  s o r t  o f  p i l o t  scatter can lead t o  non-resul ts .  One is  then faced 
w i t h  an agonizing s tudy of  p i l o t  comments i n  an  attempt t o  i d e n t i f y  causes  o f  
p i l o t  var iance ,  ( there  are many which are q u i t e  v a l i d )  and even if t h e  causes  
are found t h e  r e s u l t  i s  s t i l l  a rather poor base f o r  q u a n t i t a t i v e  a n a l y s i s .  
On t h e  o t h e r  hand average va lues  from a l a r g e r  p i l o t  populat ion and repeat 
e v a l u a t i o n s  can r e s u l t  i n  very meaningful data.  One can manually f a i r  i n  
averages  on Figure 37 and see d e f i n i t e  t rends .  F igure  38 i s  a p l o t  o f  the 
average p i l o t  r a t i n g s  of  Figure  37 and clearly shows v a l i d  t r e n d s  and addi- 
t i o n a l l y  q u a n t i f i e s  t h e  r e s u l t s .  

An add i t iona l  value of  repeat e v a l u a t i o n s  and mul t ip l e  p i l o t s  i s  the 
a b i l i t y  t o  recognize anomalous data.  An example o f  t h i s  can be seen i n  Figure 
36. Of t h e  14 eva lua t ions  conducted by P i lo t  G ,  seven were a t  wide var iance  
wi th  o t h e r  eva lua t ions .  There are a number o f  exp lana t ions  f o r  t he  var iance,  
however, t h e  usefulness  of t h i s  type data t o  cri teria development i s  
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questionable. I n  a data base of t h i s  s ize  one has the l u x u r y  of  recognizing 
the data a s  anomalous and discard i t  for t h e  purpose of c r i t e r i a  quantifi- 
cation. Another case can be seen w i t h  p i lot  A and Configuration 28. I n  one 
instance an klQR of 3 was assigned and i n  another instance an HW of  8. The 
explanation i n  t h i s  case i s  rather s t ra ight  forward. I f  t h e  pi lot  does not 
make i n p u t s  or makes only open-loop type i n p u t s  time delays w i l l  n o t  affect  
performance. I n  some cases p i lo t s  can get by w i t h  t h i s  technique. On the 
other hand, when the same p i l o t  i s  forced into the loop f o r  some reason; i.e.,  
turbulence, s l i g h t l y  higher level of aggressiveness, etc., time delays can 
greatly affect  performance. I t  would be unconservative t o  develop time delay 
c r i t e r i a  based on data resulting from open-loop pi lot  techniques. 

I n  any event, a l l  data i s  shown f o r  the purposes of other types of 
analysis or  t o  allow the reader t o  take issue w i t h  the writer's selection of  
anomalous data poin ts .  

6.1.2.2 Discussion o f  Results 

The primary resul ts  for 'the purposes of t h i s  analysis were those 
The'se resul ts  were required t o  quantify 

The resul ts  of the f l i g h t  control matrix 
obtained from the time delay matrix. 
time delay and sensit ivity effects .  
were needed to  t e s t  the refined predictive c r i t e r i a .  

The pilot ratings of the time delay matrix, Figure 37, were averaged 
and plotted versus time delay a t  various levels of p i t c h  sensi t ivi ty  i n  Figure 
38. Pilot rating scat ter  i s  also depicted. As expected, the data showed 
strong correlation between pitch sensitivity, </lb (deg/sec2/lb), and time 
delay (max slope intercept of pitch ra te  response t o  column force i n p u t ) .  A 
s tudy  of Figure 38 shows that a t  the minimum time delay (150 ms) s l i g h t  
penalties were paid for  sens i t iv i t ies  lower and higher than nominal, however, 
a l l  three sensi t ivi t ies  resulted i n  Level 1, or borderline Level 1, perfor- 
mance. A t  the high sensi t ivi ty  any increase i n  time delay resulted i n  a rapid 
decrease i n  f l y i n g  qual i t ies  performance (higher HQR), and Level 1 performance 
could be maintained only out t o  approximately 180 ms. A t  the normal sensi- 
t i v i t y ,  Level 1 performance was maintained out t o  approximately 220 ms. A t  
the low sensit ivity Level 1 performance could be maintained out t o  270 ms and 
three of the six pi lots  who evaluated the low sens i t iv i tyh igh  time delay 
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configuration achieved Level 1 and borderline Level l/Level 2 performance a t  
350 ms. 

It  appears there are trade-offs available t o  the designer between 
time delay and pitch Sensitivity for the flared landing task. 

6.1.3 Time Domain Analysis 

The first goal’of the analysis was t o  develop time delay and pitch 
sensi t ivi ty  metrics that  would quantify the effects  and have applicability t o  
the time domain predictive cr i ter ia .  The second goal was t o  refine the  
c r i t e r i a  using these metrics. The f ina l  goal of  the analysis was t o  apply t h e  
refined c r i t e r i a  t o  a data base acquired from a number o f  previous programs i n  
order t o  t e s t  i ts  viabil i ty.  

6.1.3.1 Time Delay and S e n s i t i v i t y  Metric Development 

Study of Figure 38 provided some i n s i g h t  i n t o  the parameters t h a t  
should be addressed i n  the desired metrics: 

a Slope of sensit ivity lines of Figure 38. 

The slope of  the nominal sensi t ivi ty  l ine i s  0.025 HQR/ms. 

This was compared t o  data from References 1, 3, 4, 5, and 
6 .  The f l y i n g  quali t ies degradation wi th  time delay was 
remarkably consistent and matched favorably with the value 
of 0.025 HQR/mS from Figure 38. A f ina l  value of 0.02 

HCJ?/ms was chosen a s  a median value for  use i n  the metric. 

0 Maximum acceptable time delay; i.e., time delay threshold. 

Experience with various i n - f l i g h t  simulators and using 
these simulators t o  train t e s t  p i l o t  students t o  identify 
and quantify time delays and ef fec ts  led the writer t o  
i n i t i a l l y  choose a value of around 100 ms a s  an acceptable 
threshold for the flared landing task, consequently, 100 
rns was chosen a s  a metric value. 
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0 S e n s i t i v i t y  effect i n  time delay. 

f i g u r e  38 shows a degradat ion,  a t  a given time delay, i n  
f l y i n g  q u a l i t i e s  w i t h  s e n s i t i v i t i e s  g r e a t e r  than 0.42 t / l b  
(deg/sec2/lb) and delayed degradat ion a t  s e n s i t i v i t i e s  
less than 0.42 2 l b .  Consequently, i t  was determined that  
a metric "modifier" o f  q/lb should be used (0.45 being a 

0.45 
nominal value) .  

As a r e s u l t  of t h e  above, the time delay metric developed was: 

Where: TD* = time delay metric' (A HW). 

TDq = time from wheel c o n t r o l l e r  p i t c h  force step 
i n p u t  t o  maximum s l o p e  i n t e r c e p t  of  t h e  r e s u l  
t a n t  p i t c h  rate response (ms). 

q / lb  = p i t c h  s e n s i t i v i t y  measured by the maximum s lope  
of  t h e  p i t c h  r a t e  responses  t o  a step input  

d iv ided  by t h e  p i t c h  f o r c e  (deg/sec'/lb). 

and when TDq i s  less than 100 ms, le t  TD' = 0 

6- 10 



Consideration was given to  other time delay measurements; i.e., max 

slope intercept of the angle of attack response, gamma response, N response, 
e tc .  The use of angle of attack time delay proved promising, however, the 
resu l t s  when applied t o  the data base were no better than those of p i t c h  ra te  
time delay, and as  pitch rate  time delay is  an established parameter i n  the 
l i t e r a tu re  i t  was chosen as  the metric. 

zP 

A sensit ivity metric was required due t o  the fact that of f  optimum 
sensi t ivi ty  alone can degrade f ly ing  quali t ies.  Figure 38 showed that  an 
optimum sensi t ivi ty  for wheel controllers was close t o  0.42 deg/sec2/lb. Also 
from Figure 38, near Level 1 performance was attainable when sensi t ivi ty  was 
limited t o  20.2 deg/sec2/lb. Consequently, the sensit ivity metric developed 
was: 

i / l b  - 0.45 I 0.2 
q '  = 

where : 
;1# = sensit ivity metric (A HQR). 

V l b  = pitch sensitivity (deg/sec2/lb a s  
previously defined). 

0.45 = nominal optimum sensi t ivi ty  

0.2 = an allowable s e n s i t i v i t y  range 

Analysis of the data base of References 1, 3, 4, 5 ,  and 6 disclosed 
tha t  time delay effects  could be predicted reasonably well for wheel control- 
l e rs .  T h i s  is  because there is a larger data base for  wheel controllers and 

' t h i s  particular program used wheel controllers t o  specifically address time 
delay and sensit ivity.  Programs using other controllers; i.e., Reference 1, 
LAHOS, using a center st ick and Reference 3, NLR, us ing  a side s t ick,  varied 
many parameters including sensit ivity.  I n  order t o  properly identify sen- 
s i t i v i t y  e f fec ts  specifically,  data must be used from a program structured t o  
identify sensi t i v i  t y effects,  specifically . 

An attempt was made t o  i d e n t i f y  sensi t ivi ty  levels for a center s t ick 
controller (Reference 1, LAHOS). I n  the LAHOS program the p i lo t s  were allowed 
t o  choose sensi t ivi ty  while other powerful variables were also being intro- 
duced. Consequently, i t  was very d i f f i c u l t  t o  separate sensi t ivi ty  e f fec ts  
alone. 
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A f i r s t  approximation f o r  center s t i c k  con t ro l l e rs  resulted: 

I n  the f i r s t  -approximation i t  appeared tha t  there i s  a 6 t o  1 
increase i n  sens i t i v i t y  required f o r  center s t i c k  con t ro l l e rs  versus wheel 

cont ro l lers .  

Subsequently i n  the analysis, appl icat ion o f  these center s t i c k  
con t ro l l e r  metrics with the pred ic t i ve  c r i t e r i a  t o  the LAHOS data w i l l  show 
f a i r  predict ions o f  p i l o t  ratings, however, the resu l t s  were the worst o f  the 
data sets tested. This is f e l t  t o  be due t o  the lack o f  adequate s e n s i t i v i t y  
data f o r  center s t i c k  contro l lers ,  and t o  the large number o f  single eval- 
ua t ions of the configurations. 

6.1.3.2 Predict ive C r i t e r i a  Refinement 

A review o f  the o r i g i n a l  t i m e  domain pred ic t i ve  c r i t e r i a  (Reference 
5 )  would Show: 

PHQR = 1.7 a’ - 1.44 N t  + 0.55 T& + 3.9 
P 

where : 
PHW = Predicted Handling Q u a l i t i e s  Rating 

where: a 

t 
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and 

when: T; > 6 

and when: Tu < 1 l e t  T i  = 0 

l e t  T i  = 6 ,  and Tu is defined by 

t 

(The 0.05 terms prevent unrea l i s t i c  contr ibut ions o f  T, when & 
or N 

Ta = 1 sec i s  a near optimum value f o r  f l a red  landing task.) 
are very small o r  zero. The (Ta - 1) term indicates tha t  

zP 

3.9 = A b ias  term. 

I n  the p i t c h  r a t e  program of Reference 5 p i tch  s e n s i t i v i t y  was he ld  
essent ia l l y  constant a t  0.45 deg/sec2/lb and time delay was 170 ms except fo r  
a few configurations. Consequently, the c r i t e r i a  was no t  v a l i d  f o r  configu- 

ra t i ons  o f  other s e n s i t i v i t i e s  and t ime .delays. The 3.9 b ias  term included 
the e f fec ts  o f  170 ms time delay and near optimum sens i t i v i t y .  

The f i r s t  step of the  refinement was t o  simply add the new metrics 

and modify the b ias  term. A " c r i t e r i a  perfect" f l i g h t  con t ro l  system should 
y i e l d  an HQR o f  2 (s im i la r  t o  Configuration 2-1 o f  the LAHOS program, 

Reference 1). I n  the " c r i t e r i a  perfect" airplane the angle o f  at tack response 
i s  f l a t  a t  the steady state; i.e., a'= 0, the p i l o t  i s  located near the center 

o f  ro tat ion;  i.e., N;P = 0, Ta is one second or  less; i.e., T & =  0, the time 
delay i s  100 ms or less; i.e., TD' = 0, and if the p i t c h  s e n s i t i v i t y  i s  nomi- 

nal, 4' = 0. Consequently: 

. 

PHQR = 0 - 0 + 0 + 0 + 0 + Bias = 2 

Therefore, Bias = 2 

The re f ined time domain c r i t e r i a  then becomes: 

twQR'= 1.7 &' - 1.44 N' + 0.55 T& + TD' + 6' + 2.0 
zP 

(With the terms as previously described and TD' and 4' modified 
as required t o  accomodate center s t i c k  or wheel cont ro l lers)  
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The refined c r i t e r i a  was then applied t o  a number of data bases from 
t h i s  and previous programs ( resu l t s  presented i n  a subsequent section). The 
intent was t o  refine the parameters of the c r i t e r i a  a s  necessary. As i t  
turned out the c r i t e r i a  a s  presented provided predictions well below pi lo t  
scat ter  levels  and no further modifications were made. 

6*1*3*3 Applicat ion and Limitations of the Time Domain Predictive Criteria 

The cr i te r ia  was originally designed to  apply to  f l i g h t  control 
designs that  f a l l  w i t h i n  o r  close to  Level 1 boundaries of the MIL-F-8785 

and Nz/a requirements ( the logic was that  a f l i g h t  control designer can 
normally locate the poles and zeros where he pleases, consequently, t h i s  
c r i t e r i a  was not meant to  handle low damping ra t ios  o r  excessively h igh  or low 
frequencies. The problem was that the MIL Spec was originally designed t o  
handle conventional pole/zero locations, i .e., conventional short period and 
phugoid roots, and newer designs (pitch rate command, etc.) were meeting MIL 
Spec. requirements a s  fa r  a s  short period pitch rate pole locations a re  
concerned, b u t  having problems wi.th flared landing performance. The f irst  
c r i t e r i a ,  that  resulting from Reference 5., identified the problems associated 
w i t h  non-conventional pole/zero locations. I t  a lso could identify e f fec ts  of 
p i lo t  location. An unplanned asset  was i ts  ab i l i t y  to  identify low short 
period frequency problems by virtue of the Ta' term. I t  would not accomodate 
low damping ratios,  time delays, pitch sensi t ivi ty  variations, or excessively 
high s h o r t  period frequencies. 

w"SP 

The revised c r i t e r i a  can accomodate time delay and pitch sensi t ivi ty  
effects.  A by-product of the sensit ivity parameter is  that excessively high 
short period frequencies w i l l  pay a penalty by virtue of resultant higher 
sens i t iv i t ies ,  however, t h i s  has not been adequately tested. 

There are four areas of known limitations to  the c r i t e r i a  two of 
which have been previous ly  discussedt 

1. Light ly  damped configurations are  not applicable by design. 

2. Divergent configurations are  not applicable by design. 
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3. "Decoupled" configurations are no t  applicable. During t h i s  
program Configuration 5 through 10 were decoupled i n  nature. 
That i s  they were angle of attack command and p i t c h  r a t e  cam- 
mand (by v i r t u e  of the f l a t  steady s ta te  response o f  these 

parameters). This was accomplished by use o f  an add i t iona l  
cont ro l ler ,  i n .  th is  case d i r e c t  l i f t  flaps, which provide 
increased l i f t  with out  changing the angle o f  attack. I n  t h i s  
program, l i f t  could be changed a t  constant speed and constant 
angle of at tack by the d i rec t  l i f t flaps. Use of the c r i t e r i a  
f o r  decoupled configurations w i l l  requi re  further modification. 
Decoupled configurations were shown on the curves but  were not  
used for t es t i ng  the c r i t e r i a  i n  subsequent sections o f  the 
analysis. 

- 

4. Pi t ch  con t ro l l e rs  other than wheel and center s t i c k  are no t  yet 
appl icable due t o  the lack o f  s u f f i c i e n t  s e n s i t i v i t y  data. I n  
fact ,  the s e n s i t i v i t y  parameters for center s t i c k  are not  yet 
s u f f i c i e n t l y  refined. The NLR data base, Reference 3, could 
no t  be used i n  tes t ing  the c r i t e r i a  due t o  lack of s e n s i t i v i t y  
data f o r  tne con t ro l i e r  used i n  tha t  experiment. 

I t  should be re-emphasized tha t  the c r i t e r i a  i s  applicable t o  
the f l a r e d  landing task. I t  was not designed t o  accomodate up-and-away 

tasks such as cru ise or air-to-ground tracking, etc. I t  has only 
l i m i t e d  appl icat ion t o  the approach task and has never been tested f o r  

the non-flared landing task. 
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CONFIGlRATI ON S 
PREDICTED TO 
WITHIN 1 HQR 

11 o f  13 

or 
85% 

6.1.4 Time Domain Predic t ive C r i t e r i a  Test ing 

CONFIGURATIONS 
CONFIGURATIONS PREDICTED BY FLVING 

PREDICTED TO QUALITIES LEVEL OR 
WITHIN 2 HQR WITHIN 1 HQR 

13 of 13 13 o f  13 

or or  
100% 100% 

The c r i t e r i a  was tested using f l i g h t  data f rom seven programs 

( including the current landing program). Configurations f r o m  these programs 

t h a t  were not  appropriate t o  the c r i t e r i a  were not  tested; i.e., divergent or 
l i g h t l y  damped configurations, decoupled configurations, con t ro l l e rs  other 

than wheel or center s t ick ,  and task other than f l a red  landing. 

6.1.4.1 Landing Program Results 

The c r i t e r i a  was applied t o  the data of the present landing program 

i n  the form: 
PHqR'= 1.7 &' - 1.44 N '  + 0.55 T& + TD' + 4' + 2.0 

zP 

where a ' ,  N i p  and Ti are as previously defined, and TD' and i8 are adjusted 

for  wheel control lers,  i.e., . 

$lb - 0.45 I I ' 0.2 I and 4' = 

The calculat ions f o r  the predicted p i l o t  ra t i ngs  and the  ac tua l  p i l o t  
ra t i ngs  are shown i n  Table 14. The r e s u l t s  are p l o t t e d  on Figures 39 and 40, 

Figure 39 r e f l e c t i n g  only the t i m e  delay matr ix data and Figure 40 showing the 

t o t a l  program resul ts.  The curves are a p l o t  o f  average HQR from the f l i g h t  

data (AHQR) versus predicted HQR (PHQR'). 

Figure 39, the t i m e  delay matr ix (13 configurations), shows the 

appl icat ion of the c r i t e r i a  t o  Level 1 f l i g h t  con t ro l  systems, both angle o f  
a t tack command and p i t c h  r a t e  command. The r e s u l t s  are summarized by: 
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Figure 39 

A 

f 

6 

'I 

a 

9 

10 

PHQR' (PREDICTED HQR) 

REFINED TIME DOMAIN CRITERIA APPLIED TO THE LANDING PROGRAM 
(TIME DELAY CONFIGURATIONS) 

6- ?? 



1 

2 

3 

4 

- 5  
K 
0 
I 

U cr 
E 6  

s - a 7  
K 
0 
I 
a 8  

9 

10 

PHQR' (PREDICTED HQR) 

= "DECOUPLED" CONFIGURATIONS (NOT APPROPRIATE FOR THE CRITERIA) 

Figure 40 REFINED TIME DOMAIN CRITERIA APPLIED TO THE LANDING PROGRAM 
(ALL CONFIGURATIONS) 

6-18 



i5 
C 

n 

9 
+ 

*U 

+ 
* 
n 
t 
+ 
- 8  
t 
ln 
ln 

0 
+ 
* N  z 
U 

n 

9 
4 

I 
CT 
0 c 

9 

8 
N 
? 
4 

(YNNN InInm InInVI m m I n  N (YNN ? ? ? ? ? ? S ? ? ? ? ? ? ? ? ? ' I ? ?  ???  ??? 'I?? 'I t?? 
0 0 0 0 0 0 0 0 0 0 0 0 ~ N ~ 0 0 0 0  000 000 000 0 000 

VILnVIVImLnVIlnVImlnVIVIVIVIVImVIVI In VI V I m V I  

0000000000000000000 -400 400 -400 0 M O O  
? ? ? ? ? ? Y ? n f Y ? n f ? n f ? Y Y n f ?  970: ???  ? ? ?  nf 9101 

m l n V I V I ~ V I n ? n L r ! ~ L n ? L n m m , I n V I  $ ? ?  S?! qy! m m m m  o o o d o d d o d o o d o d o o o o d  . . .  000 000 000 d . . . .  
000 

4 

-4 '000000 3 *00r;r;000 n n  SE! '00 000 000 000 0 4 6 4  
000 0 0 00 

o o o o o o o o o o o o o o o ~ ~ ? ~  ? ? ?  ??? Z S %  . .  ? - ( v w  ? ? ?  
0000 000 000 d o 0  0 000 

6- 19 



Figure 40, a l l  configurations appl icable t o  the c r i t e r i a  (26 config- 
urat ions), shows the appl icat ion of the c r i t e r i a  t o  many d i f f e r e n t  f l i g h t  

con t ro l  designs and ef fect ive t i m e  delays. The resu l t s  are summarized by: 

CONFI GURATI ON S 
PREDICTED TO 
WITHIN 1 HQR 

20 of 26 
o r  
77% 

CONFI G WA T I  ON S 
PREDICTED TO 
WITHIN 2 HQR 

25 of 26 
or 
96% 

CONFIGURATIONS 
PREDICTIONS THAT 

MISSED BY MORE 
THAN 2 HQR 

1 of 26 

or  
4% 

CONFI GLRA T I  ONS 
PREDICTED BY FLYING 
QUALITIES LEVEL OR 

WITHIN 1 HQi3 

26 o f  26 
or 

100% 

6.1.4.2 P i t c h  Rate Program Results 

The ref ined c r i t e r i a  was applied t o  a l l  configurations o f  the P i t c h  
Rate Program (Reference 5), again using wheel con t ro l l e r  s e n s i t i v i t y  factors.  

Calculat ions are shown i n  Table 15 ana Figure 41 shows the app l ica t ion  
The resu l t s  are summarized o f  the re f ined c r i t e r i a  t o  the o r i g i n a l  data base. 

by : 

CONFIGURATIONS 
PREDICTED TO 
WITHIN 1 HQR 

CONFI GURA T I  ON S 
PREDICTED TO 
WITHIN 2 HQR 

CONFIGLRA TIUNS 
PREDICTIONS THAT 
MISSED BY MORE 

THAN 2 HQR 

17 of 27 
or  
63% 

(Previous 
C r i t e r i a  14 

o f  27 o r  52%) 

24 of 27 
or 
89% 

(Previous 
C r i t e r i a  23 

of 27 or 85%) 

3 o f  27 
or  

11% 
(Previous 

C r i t e r i a  4 
of  27 or  15%) 

~ 

CONFIGURATIONS 
PREDICTED BY FLYING 
QUALITIES LEVEL OR 

WITHIN 1 HQR 

21 o f  27 
or 
78% 

(Previous 
C r i t e r i a  19 

o f  27 or  70%) 

Although most of the p i t c h  r a t e  conf igurat ions were flown a t  the same 
s e n s i t i v i t y  and t i m e  delay there were a few a t  greater t i m e  delays and of f  

nominal sens i t i v i t y .  Consequently, the ref ined c r i t e r i a  improved the predic- 
t i o n  resul ts .  
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6.1.4.3 LAHOS Program Results 

The LAHOS data' (Reference 1) was the most d i f f i c u l t  t o  u t i l i z e  dm 

p r i m a r i l y  t o  the lack  o f  sens i t i v i t y  data for center s t i c k  contro l lers .  I n  

LAHOS the p i l o t s  were given freedom t o  choose p i t c h  sens i t i v i t y .  A t  the same 
time there were var ia t ions  i n  other major parameters. Optimum s e n s i t i v i t y  was 
estimated by fa i r i ng  s t ra igh t  l i nes  through data tha t  contained many other 
variables. The nominal sens i t i v i t y  chosen was 2.8 ci/lb (deg/sec2/lb) as 
opposeo t o  0.45 $lb f o r  wheel control lers, or a r a t i o  o f  approximately 6 t o  
1. Sens i t i v i t y  va r ia t i on  was se t  a t  1.2 versus 0.2 f o r  wheel cont ro l lers .  

Consequently, the c r i t e r i a  applied t o  the LAHOS data was: 

PHQR'= 1.7 &'  - 1.44 Nf + 0.55 T& + TO' + 4' + 2.0 
P 

where : 

and x 

author 

a' ,  Nip and Tar' a re as previously definea 

P i l o t  trends were very d i f f i c u l t  t o  analyze from the LAHOS data. The 
fee l s  tha t  t h i s  i s  due i n  large pa r t  t o  the size o f  the t e s t  matrix. 

Twenty one (211, of the t h i r t y  two (32) configurations tha t  were tested f o r  the 
c r i t e r i a  were s ing le evaluations; i.e., one p i l o t ,  one evaluation. I f  the 
reader w i l l  review Figures 36 and 37 i t  w i l l  be apparent why s ing le evaluations 

are qu i te  r i s k y  f o r  research purposes. If one were l i m i t e d  t o  a single random 
choice of the p i l o t  ra t ings  from each evaluation o f  Figures 36 and 37, i t  
becomes obvious why some f l y i n g  qua l i t i es  programs reach i n d e f i n i t e  conclu- 
sions. One could have obtained by random choice, resu l t s  tha t  show tha t  as 
time delay was increased f o r  a given configuration f l y i n g  q u a l i t i e s  get bet ter !  
In. fact, t h i s  trend was found i n  some o f  the LAHOS data. 
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I n  any event, a l l  the LAHOS data tha t  was appropriate t o  the c r i t e r i a  

was used and no e f fo r t  was made t o  attempt t o  ident i f y  anomalous data. The 

resu l t s  were p lo t ted  on -Figure 42 with the supporting data i n  Table 16. The 

resu l t s  are summarized by: 

CONFIGMA T I  ONS 
PREDICTED TO 
WITHIN 1 HQR 

13 o f  32 
or 
4 1% 

CONFIGURA T I  ON S 
PREDICTED TO 
WITf l IN 2 HGlR 

23 o f  32 
or 
72% 

CONFIGURATIONS 
PREDICTIONS THAT 
MISSED BY MORE 

THAN 2 HQR 

9 o f  32 
or 
28% 

CONFIGURATIONS 
PREDICTED BY FLYING 
QUALITIES LEVEL OR 

WITHIN 1 HPR 

24 of 32 
or 
75% 
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' CONFIGURATIONS 
1 PREDICTIONS THAT , MISSED BY MORE 

THAN 2 HQR 

6.1.4.4 Large Aircraft Program Results 

The Large Aircraft program (Reference 4) was used a s  a source of data 
for  the  original t i m e  domain c r i te r ia  of t h e  P i t c h  Rate program. I n  the 
original application these configurations w i t h  time delays i n  excess of 170 ms 
were excluded a s  they exceeded the scope of the original c r i t e r i a .  Also, when 
used t o  t e s t  the original cr i ter ia ,  no c r i t e r i a  parameter addressed sensi- 
t i v i t y .  

- 

I n  t h i s  case the refined cr i te r ia  (modified for wheel controller)  was 
applied to  t h i r t y  four (34) configurations, and included time delays from 170 
ms t o  410 ms. Those configurations excluded were those that were divergent 
and those where the p i l o t  ratings were based on the approach and not the 
flared landing task. 

The resul ts  are plotted on Figure 43, wi th  supporting data i n  Table 
17. The resul ts  are  summarized by, 

CONFI GURA TION S 
PREDICTED TO 
WITHIN 1 HQR 

18 of 34 
or 
53% 

(Previous 
Cri ter ia  5 

of 16 or 31%) 

CONFIGURATIONS 
PREDICTEU TO 
WITHIN 2 HQR 

31 of 34 
or 
9 1% 

(Previous 
Criteria 13 

of 16 or  81%) 

3 of 34 
or 
9% 

(Previous 
Criteria 3 

of 27 o r  19%) 

~ 

CONFIGURATIONS 
PREDICTED BY FLYING 
QUALITIES LEVEL OR 

WITHIN 1 HQR 

24 of 34 
or 
71% 

(Previous 
Criteria 10 

of 27 or 63%) 

These resul ts  a re  considered t o  be a significant improvement over the 
original c r i t e r i a ,  particularly considering t h e  much more broad scope of 
application. 
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6.1.4.5 NT-3X/Ames Study Results 

CON FIG I R A  T I  ON S 
PREDICTED TO 
WITHIN 2 HQR 

The NT-33A/Ames Study i s  a yet unpublished program sponsored by NASA 

Ames t o  invest igate differences between ground and i n - f l i g h t  simulation p i l o t  
ra t ings.  The t e s t  matrix consisted o f  three configurations from the LAHOS 

program (Reference 11, 2-1, 2-7, and 6-1. I n  addit ion, two leve ls  of time 
delay (108 ms and 144 ms) were added t o  the inherent time delay of 100 ms for 

Configuration 2-1 for a t o t a l  o f  f i ve  ( 5 )  configurations. 

CONFIGURATIONS 
PREDICTED BY FLYING 
QUALITIES LEVEL OR 

WITHIN 1 HQR 

This data provided an excel lent check on previous tes t ing  o f  the 
c r i t e r i a  (Figure 42)  on LAHOS configurations. However, i n  t h i s  case there 
were numerous evaluations by d i f ferent  p i l o t s  f o r  each configuration. ( A  

comparison of predicted HQR (PHQR') values from Figure 42 w i l l  show s l i g h t  
va r ia t i on  due t o  small differences i n  the time h i s t o r i e s  from the Ames program 
and the LAHOS work.) 

As i n  the previous LAHOS appl icat ion the c r i t e r i a  used TD' and 4' 
parameters adjusted for  center s t i ck  con t ro l l e r  sens i t i v i t i es .  The resu l t s  
are p l o t t e d  on Figure 44 with the supporting data i n  Table 18. The r e s u l t s  
are summarized by: 

CONFIGLRA T I  ON S 
PREDICTED TO 
WITHIN 1 HW 

4 o f  5 

or 
80% 

5 o f  5 

or 
100% 

4 of 5 
or 
80% 

These resu l t s  are a s ign i f icant  improvement over the previous tes t i ng  

against LAHOS configuration. The author feels tha t  t h i s  i s  due i n  large p a r t  
t o  the  r e l a t i v e l y  h igh  number o f  repeats which was made possible by a smaller 

t e s t  natrix. 
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6.1.4.6 SST Program and X-29 Data Results 

The majori ty of SST data (Reference 12) resu l ted  from divergent 
configurations tha t  are inappropriate for the c r i t e r i a ,  however, three 
configurations were stable and were applied t o  the c r i t e r i a .  (These three 
configurations were a lso tested on the  o r i g i n a l  t ime domain c r i t e r i a . )  The 
re f i ned  c r i t e r i a  appl ied i n  t h i s  case used wheel con t ro l l e r  s e n s i t i v i t y  

parameters. 

Some unpublished X-29 data was avai lable f o r  comparison and was 
applied t o  the c r i t e r i a  using center s t i c k  con t ro l l e r  s e n s i t i v i t y  parameters. 

The resu l ts  are p lo t ted  on Figure 45 with the supporting data i n  
Table 19. The resu l ts  are summarized by: 

CONFIGURATION S CONFIGURATIONS 
PREDICTED TO PREDICTED TO 
WITHIi\I 1 HQR WITHIN 2 HQR 

5 o f  5 

or 
100% 

(Previous Cr i t e r i a  
Results 2 o f  3 

or 67%) 

5 o f  5 
or 
100% 

(Previous C r i t e r i a  
Results 3 o f  3 

or 100%) 

CONFIG UiiA T I  ON S 
PREDICTED BY FLYING 
QUALITIES LEVEL OR 

WITHIN 1 HQR 

5 o f  5 
or 

100% 
(Previous C r i t e r i a  

Results 3 o f  3 
or 100%) 

6.1.4.7 Criteria Testing Sumrary 

The overa l l  r esu l t s  o f  the time domain c r i t e r i a  tes t i ng  are presented 
i n  Table 20. A t o t a l  o f  129 configurations were tested, of these, the  p i l o t  
ra t i ngs  of  77 (60%) were predicted t o  within one HQR, 113 (88%) were predicted 
t o  within two HGlR and 16 (12%) had predict ions tha t  missed by more than two 

HQR. Predictions by f l y i n g  q u a l i t i e s  leve l ,  or within one HQR, were accurate 
on 104 o f  the 129 (or 81%). 
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6.2 FREQueJCY OOMAIN RESlllTS AND ANALYSES 

I n  order t o  provide addi t ional  i ns igh t  i n t o  the p i l o t  r a t i n g  trends 
obtained i n  t h i s  program, a number of frequency domain f l y i n g  q u a l i t i e s  

c r i t e r i a  were applied t o  the configurations of t h i s  study. Linear models o f  

these configurations were used t o  generate pitch rate, p i t c h  at t i tude,  and 
a t t i t u d e  ra te  closed-loop frequency response data. These data were then used 
t o  assess the u t i l i t y  o f  a pa r t i cu la r  c r i t e r i o n  with respect t o  predic t ing the 
f l i g h t  resul ts.  I t  should be noted, however, t ha t  the fo l lowing analyses do 
not provide an in-depth assessment of each configuration's f l y i n g  qual i t ies .  

Instead, they serve as an attempt t o  describe the ove ra l l  p i l o t  r a t i n g  trends 
obtained with t h i s  data base. 

Four frequency domain predic t ive techniques were considered; lower 
order eqivalent systems, p i t c h  a t t i t u d e  bandwidth, a l t i t u d e  ra te  bandwidth, 

and Neal-Smith p i t ch  a t t i t u d e  p i l o t  lead compensation. 

6.2.1 Low-Order Equivalent Systems 

The configurations of t h i s  study were evaluated using low-order 
equivalent systems analysis (Reference 19 1 Closed-loop frequency responses 
o f  each configuration were fit with one of the fo l lowing low-order models: 

a 

Fes 
- 

(Frequency range = 0.1 - 10.0 

Selection o f  a low-order model f o r  a given conf 

rad/sec) 

guration was based upon i t s  
high-order, closed-loop frequency response shape. Configurations without 
phugoid resonant peaks i n  t h e i r  p i t c h  r a t e  frequency response were matched t o  

the p i t c h  ra te  low-order transfer funct ion with a f ixed value o f  l/rQ2. Those 
configurations exhib i t ing phugoid resonant peaks i n  t h e i r  p i t c h  ra te  frequency 
response were matched t o  the low-order alpha transfer function. This stemmed 
from the f a c t  that  the equivalent system models d i d  not include the phugoid 
response i n  their transfer functions and any phugoid dynamics o f  s ign i f icant  
magnitude would r e s u l t  i n  unacceptably high l eve l s  of mismatch. 
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The low-order equivalent system resu l t s  f o r  the configurations o f  

t h i s  study are presented i n  Table 21. Although sat isfactory low-order f i t s  
were made t o  most of the configurations, the resu l t s  d i d  not adequately 

discriminate between the good and bad configurations. A l l  equivalent short 
period frequencies were Level 1 (Reference 7). The equivalent short period 
damping r a t i o s  were Level 1, with the exception o f  the overdamped con f igw  

ra t i ons  (2, 4, 6, 8, and 10) which were Level 2. The equivalent t i m e  delays 
were p r imar i l y  i n  the Level 2 range, except f o r  the t i m e  delay configurations 
with addi t ional  delays which were Level 3 and below (Level 4). 

The resu l t s  i n  Table 21 were t o  be expected, since the configurations 

o f  t h i s  study were o r i g i n a l l y  designed t o  be low-order models. I n  addition, 
the low-order models d i d  not include the phugoid response. The only addi- 
t i o n a l  i ns igh t  i s  provided by the equivalent t ime delay resul ts,  which show 
degradation of a l l  configurations t o  the Level 2 range i n  the best cases. 

This does not correlate w e l l  with the documented p i l o t  ra t ings comments. 
Overall, only 38% of the configurations were accurately predicted by l e v e l  

using the equivalent system approach. 

6.2.2 P i t c h  A t t i t ude  Bandwidth Cr i ter ion 

The p i t c h  a t t i t u d e  bandwidth c r i t e r i o n  (Reference 20) was used t o  

provide addi t ional  i ns igh t  in to  the p i t c h  charac ter is t i cs  o f  the configuration 
i n  t h i s  study. The c r i t e r i o n  was applied t o  the closed-loop frequency 
response of each configuration with the bandwidth defined as the crossover 

frequency a t  which the phase margin i s  45' or the gain margin i s  6 dB, 
whichever frequency i s  lower. I n  addition, an estimate o f  the time delay o f  
each configuration i s  calculated t o  be: 

T = -(b + 180')/(57.%) 

where w i s  defined t o  be two times the frequency a t  180' and 0 i s  the phase a t  
w. This c r i t e r i o n  was formulated using the configurations from Reference 1. 

The p i t c h  a t t i t u d e  bandwidth resu l t s  for the configurations i n  t h i s  
study are presented i n  Table 22. The l e v e l  ra t ings i n  Table 22 were based 
upon the l e v e l  bomdaries established i n  Reference 20, which were determined 
using the p i l o t  ra t ings for the f ighter a i r c r a f t  configurations from Reference 

1. As a resul t ,  only 44% of the configurations were accurately predicted by 
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Table 21 
LOW-ORDER EQUIVALENT SYSTEM RESCLTS 

a l /Ta = 4.1 -71 
9 1/Te2 = 2.0 1.00 
a 1/10 = 4.6 -69 

:ONFIG 
NO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11- 12 

13 
14 

16 
17 

- 

18-20 

e*** 
21 
22 
23 
24 
25 
26 
27 
28 

17+LA 

2% 
2% 
28A - 

1 
1 
1 

RANFEJ3 
UJCTIUN 

F I T  

a 

9 
9 
a 
a 

9 
9 
a 

9 
9 

NLMERATOR TERM* 1 ZETA I LEVEL 

.71 
1.97 

.69 
1.97 

.71 
1.32 

.70 
2.00 

.69 
2.00 

1 
2 
1 
2 
1 
2 
1 

2 
1 
2 

Reasonable f i ts  not 

9 
9 
9 
9 
9 
9 
9 
9 
4 
9 
9 
9 
9 

1/1e2 = .75 
l/1e2 = .75 
l/1e2 = .75 
1/Tg2 = .75 
1/1e2 = .75 
l/lg2 = .75 
l/1g2 = .75 
l/1e2 = .75 
l/1g2 = .75 
l/1e2 = .75 
l/1g2 = .75 
1/1g2 0 .75 

l/1g2 = .75 

ossible 

.76 

.76 

.76 

.76 

.76 

.76 

.76 

.76 

.76 

.78 

.78 

.78 

.78 - 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

l/102 terms fixed, l/ra terms free. 

- 
OMEGA 
(R/S) 

2.05 
2.08 
2.00 
1.81 
2.06 
1.98 
2.00 
3.63 
2.00 
1.97 

- 

2.10 
1.99 
3.22 
2.00 

1.90 
1.90 
1.90 
1.90 
1.90 
1.90 
1.90 
1.90 
1.90 
2.90 
2.90 
2.90 

2.90 - 

- 

LEVEL 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 - 

T I  ME 
IELAY** 
(KC) 
0.145 
0.145 
0.147 
0.142 
0.145 
0.146 
0.147 
0.150 
0.147 
0.145 

0.145 
0.146 

0.142 
0.170 

0.148 
0.248 
0.348 
0.148 
0.248 
0.348 
0.148 
0.248 
0.348 
0.160 
0.360 
0.360 

0.360 

- 

LEVEL 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

- 

2 
2 
2 
2 

2 
3 

4**** 
2 
3 
3 
2 
3 
4 
2 
4 

4 

4 

~~ 

OVERALL 
PREDICTED 

LEVEL 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

3 

2 
2 
2 
2 

3 

2 
3 
4 

2 
3 
3 
2 
3 
4 
2 
4 
4 

4 

** Referenced t o  stick force. feel  system and actuator included. 
*** Configurations B, 21-28 f i t  i n  the frequency range of 0.3-10.0 rad/sec, 

**** Level 4 is uorse than Level 3 
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P I  LOT 
WTING 
LEVEL 

1 
1 
2 
1 
2 
1 
2 
1 
1 
1 

3 

2 
2 
1 
1 

1 

1 
2 
3 
2 
1 
2 
1 
2 
3 
1 
3 
2 

3 

- 

- . 



CONFIG 
NO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
16 
17 
18 
19 
20 
B 

21 
22 
23 
24 
25 
26 
27 
28 

17+Lh 
224 
2% 
28A 

Table 22 
PITCH ATTITUDE BANDWIDTH CRITERION RESULTS 

BANDWIDTH 
(Phase Margin) 

(rad/sec) 

2.36 
3.01 
2.38 
2.96 
2.07 
2.24 
2.13 
2.12 
2.38 
3.01 
1.16 
1.23 
1.53 
1.36 
3.06 
2.44 
2.48 
2.52 
2.60 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
2.20 
3.13 
3.13 
3.13 
3.13 

BANDWIDTH 
(Gain Margin) 

[ rad/sec) 

2.86 
3.65 
2.87 
3.65 
2.59 
3.13 
2.65 
3.08 
2.87 
3.65 
1.44 
1.11 
2.08 
2.38 
3.24 
2.77 
2.81 
2.84 
2.90 
2.71 
2.71 
2.71 
2.71 
2.71 
2.71 
2.71 
2.71 
2.71 
3.21 
3.21 
3.21 
3.21 

TIME DELAY 
( s e d  

0.114 
0.109 
0.114 
0.109 
0.114 
0.109 
0.114 
0.109 
0.114 
0.109 
0 -226 
0.308 
0.119 
0.108 
0.117 
0.126 
0.126 
0.126 
0.126 
0.114 
0.214 
0.314 
0.114 
0.214 
0.314 
0.114 
0.214 
0.314 
0 . 127 
0.317 
0.317 
0.317 

PREDICTED 
LEVEL* 

2 
1 
2 
2 
2 
2 
2 
2 
2 
1 
3 
3 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
2 
3 
3 
2 
3 
3 
2 
3 
3 
3 

PILOT 
RATING 
LEVEL 

1 
2 
2 
1 
1 
1 
2 
1 
1 
1 
3 
3 
2 
2 
1 
1 
1 
1 
1 
1 
2 
3 
2 
1 
2 
1 
2 
3 
1 
3 
2 
3 

* Level determined by boundaries established i n  Reference 18 
f o r  category f l i g h t  phases. 
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l eve l .  Considering the s ign i f i can t  differences between f i g h t e r  and transport  

a i r c r a f t ,  t he  p i t ch  a t t i t u d e  bandwidth resu l t s  i n  Table 22 were combined wi th  
s im i la r  resu l ts  from the configurations of Reference 5 t o  produce suggested 

boundaries fo r  transport a i r c r a f t  configurations. These resu l t s  are presented 
i n  Figure 46 and include 58 generic t ransport  configurations between the two 

programs. The suggested l e v e l  boundaries i n  Figure 46 r e s u l t  i n  70% o f  the 

conf igurat ions being cor rec t ly  predicted by leve l ,  a marked improvement from 

the boundaries used i n  Reference 20. The loca t ion  of the l e v e l  boundaries i n  

Figure 46 r e l a t i v e  t o  those used f o r  f igh ter  a i r c r a f t  i n  Reference 20 br ing  

out two important points. F i r s t ,  p i l o t s  f l y i n g  t ransport  a i r c r a f t  can accept 
a lower bandwidth i n  p i t c h  and s t i l l  achieve desired performance. Second, 

t ransport  a i r c r a f t  can have higher values o f  allowable t ime delay r e l a t i v e  t o  

f i g h t e r  a i r c ra f t ,  however, t h i s  i s  dependent on the types of con t ro l le rs  used 
and s e n s i t i v i t i e s  selected. 

6.2.3 Altitude Rate Bandwidth Criterion 

Control of a l t i t u d e  rate i n  the f l a red  landing task was analyzed f o r  

the configurations of  t h i s  study through a single-loop closure technique used 

i n  Reference 5 .  A single-loop closure was performed on a l t i t u d e  ra te  around 

the fo l lowing p i l o t  model8 

(T = 0.25 sec) -TS Y = K  e 
ph ph 

The c losed loop performance was determined through the use o f  a Nichols char t  

over the frequency-range of 0.1 t o  10.0 rad/sec. The a l t i t u d e  ra te  bandwidth 

was the frequency a t  which 3 dB of closed-loop resonance corresponded wi th  

-90' of closed-loop phase. This procedure was performed on a Nichols char t  

through the manipulation of the p i l o t ' s  bandwidth and gain. This technique, 
although obtaining l i m i t e d  success i n  Reference 5, showed promise when appl ied 

t o  the configurations o f  t h i s  study. 

The a l t i t u d e  r a t e  bandwidth and corresponding p i l o t  gain resu l t s  are 

presented i n  Table 23. A cor re la t ion  was made between the amount o f  p i l o t  

gain required t o  achieve the stated closeckloop performance and the a l t i t u d e  

bandwidth. As expected, configu- 
ra t ions  tha t  allow the p i l o t  t o  increase h i s  gain i n  the cont ro l  of a l t i t u d e  

ra te  ( fo r  a given bandwidth) were general ly considered t o  be Level 1. Figure 

These resu l t s  are presented i n  Figure 47. 
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Table 23 
ALlITI.DE RATE BANDWIDTH RESULTS 

CONFIG lRA T I  ON BANDWIDTH 
NO. PILOT GAIN ( rad/sec) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
16 
17 
18 
19 
20 
B 

21 
22 
23 
24 
25 
26 
27 
28 

17+Lh 
22A 

28A 
234 

2.32 
4.05 
2.40 
3.57 
1.49 
1.75 
1.58 
1.49 
2.48 
4.05 
0.61 
0.78 
0.68 
0.78 
3.55 
1.56 
1.71 
1.90 
2.17 
1.97 
1.74 
1.54 
3.30 
2.90 
2.58 
1.32 
1.17 
1.02 
2.10 
1.60 
1.30 
1.71 

1.65 
1.43 
1.68 
1.35 
1.35 
1.13 
1.43 
1.00 
1.65 
1.38 
0.83 
1.05 
1.18 
1.03 
1.93 
0.78 
0.83 
0.95 
0.95 
0.90 
0.83 
0.75 
0.90 
0.83 
0.75 
0.90 
0.83 
0.75 
1.20 
0.98 
0.90 
1.00 
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47 a lso shows proposed l e v e l  boundaries tha t  r e s u l t  i n  63% o f  the configu- 
ra t ions  being accurately predicted by leve l ,  however, only 53% o f  the time 
delay/sensit ivi ty configurations were predicted by l e v e l  using t h i s  technique, 

The Neal-Smith c r i t e r i o n  (Reference 21) was applied t o  the data base 
and correlated with the resu l ts  from Reference 5 t o  provide ins igh t  i n t o  the 

p i t c h  character ist ics of generic t ransport  a i rc ra f t .  The c r i t e r i o n  is based 
upon a single-loop closure performed on p i t c h  a t t i t u d e  using the fol lowing 

p i l o t  model: 

The p i l o t  model operates on a p i tch-at t i tude er ro r  s ignal  tha t  is the d i f -  

ference between the commanded a t t i t u d e  and the a i r c r a f t  a t t i tude.  The p i l o t ,  
through the parameters he i s  observing, t r i e s  t o  achieve a cer ta in  "standard 

of performance'' which i s  defined by a specif ied closed-loop bandwidth. The 
bandwidth is defined by the 90' closed-loop phase requirement. A t  frequencies 
below the bandwidth, the p i l o t  attempts t o  minimize steady-state p i t c h  a t t i -  
tude tracking errors as defined by a m i n i m u m  low-frequency droop ( t y p i c a l l y  
no more than -3 d6). The p i l o t  a lso attempts t o  minimize the c lose6 loop 
resonant peak, which minimizes osc i l l a to ry  tendencies i n  p i t c h  a t t i tude .  The 

p i l o t  model i s  adjusted so tha t  the -3 dB droop and the -90' of the closed- 
loop phase conditions are met f o r  a given bandwidth while the closed-loop 
resonance i s  minimized. These parameters then provide a measure o f  the 
compensation with which the p i l o t  closes the loop i n  p i t c h  at t i tude.  A f te r  
the closed-loop condit ions are met, closed-loop resonance and p i l o t  compen- 
sat ion are p lo t ted on a Neal-Smith parameter plane and correlated with the 
p i l o t  ra t ings  f o r  the f la red  landing task. 

The resul ts  o f  the Neal-Smith c r i t e r i o n  are presented for each 

configuration in Appendix F. A bandwidth frequency o f  2.0 rad/sec appeared t o  
best represent the configurations o f  t h i s  study ( in  terms o f  predic t ing the 
f l y i n g  qua l i t i es  levels). This correlates with the p i t c h  a t t i t ude  bandwidth 
resu l ts  i n  Reference 5.  Analysis of the data showed tha t  var ia t ions i n  p i l o t  

ra t i ng  appeared t o  be dependent upon the amount o f  p i l o t  lead or l a g  required 
t o  achieve the c losedloop requirements. The closed-loop resonance a t  2.0 
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rad/sec was Level  1 f o r  a l l  conf igu ra t ions  and was n o t  a f a c t o r  i n  the p i l o t  
r a t i n g s  . 

A d i s t i n c t  c o r r e l a t i o n  was made between p i t c h  a t t i t u d e  p i l o t  compen- 
s a t i o n  and p i l o t  r a t i n g s ,  a s  shown i n  F igure  48. The r e s u l t s  o f  F igu re  48 
show that p i l o t  lead compensation less than  or equa l  t o  approximately 25’ is 
r e q u i r e d  f o r  Level  1 f l y i n g  q u a l i t i e s  of t r a n s p o r t  aircraft i n  t he  flared 
l and ing  task. I n  a d d i t i o n ,  the r e s u l t s  show a l i n e a r  degradat ion i n  p i l o t  
r a t i n g s  f o r  i n c r e a s i n g  p i l o t  compensation. Conf igura t ions  from Reference 5 

and selected conf igu ra t ions  f o r  Reference 4 suppor t  t h i s  trend. However, of 
t h e  time d e l a y h e n s i t i v i t y  conf igu ra t ions  only 54% were p red ic t ed  by l e v e l  and 
54% predicted t o  wi th in  21 HQR. This t r e n d  and c o r r e l a t i o n  was no t  ev iden t  i n  
the Neal-Smith analyses performed i n  References 4 and 5. I t  i s  a l s o  
i n t e r e s t i n g  t o  n o t e  tha t  the  25’ welboww f o r  Level 1 f l y i n g  q u a l i t i e s  i n  
F igu re  48 is  consistent w i t h  t h e  f i n d i n g s  i n  Reference 22 regarding p i tch  
a t t i t u d e  p i l o t  compensation. Although p i t c h  a t t i t u d e  i s  n o t  the only  c o n t r o l  
v a r i a b l e  i n  t h e  flared landing  task ,  i t  is  an e s s e n t i a l  part o f  any closed- 
loop  flared landing  technique employed by p i l o t s .  Through t h e  combination o f  
c o n f i g u r a t i o n s  selected from these three data bases, 73% of t h e  conf igu ra t ions  
were predicted by l e v e l  and 65% were predicted within 1 p i l o t  r a t i n g .  

6-47 



U 
2 

ZO 

I‘ 
(3 
I c 

L 

c e li 

“0 
I r  

koiJ In 

I ’  I I I I I 
9 ai ad r; cd rrj q 

9NI lVt l  1 0 l l d  

c 
In 

5 

6-48 



c 

. 

6.3 COMPARISON OF TIME -IN CRITERIA AND FREQUENCY DOM9IN CRITERIA 
PERFORMANCE 

The t ime domain c r i t e r i a  was tested against seven sets o f  data and 
129 configuration which included f ighter  type a i r c r a f t  with s t i c k  control lers.  

The frequency domain c r i t e r i a  were tested against one t o  three sets o f  data 
and 58 configurations, the majority of which were contained i n  the present 
landing program and the previous p i t c h  ra te  program and which consisted o f  
medium transport a i r c r a f t  with wheel control lers.  A l l  o f  the 58 frequency 
domain configurations were included i n  the 129 configurations o f  the t ime 
domain analysis. I n  order t o  obtain a d i r e c t  comparison between c r i t e r i a  the 
speci f ic  58 frequency domain configurations were pu l led from the t i m e  domain 
resul ts.  The comparison of  the frequency domain and t i m e  domain c r i t e r i a  
resu l t s  o f  these configurations are shown i n  Table 24. 

The low-order equivalent systems technique predicted 38% of  the 
landing program configurations by l e v e l  as compared t o  100% predict ion by 
l e v e l  o f  the t i m e  domain c r i t e r i a .  The low-order e w i v a l e n t  systems method 

does not  appear appl icable t o  the f l a red  landing task. 

The p i t c h  a t t i t u d e  bandwidth technique was only 44% successful i n  
l e v e l  predic t ion using previous boundaries but when new boundaries were drawn 
based on 58 configurations of the landing and p i t c h  ra te  programs 70% o f  the 
configurations f e l l  ins ide the revised boundaries. This r e s u l t  i s  promising, 
however, washout p r e f i l t e r  effects could not be predicted and more data i s  
required i n  the area o f  high bandwidth and higher t ime delays t o  more accu- 

r a t e l y  describe the boundaries. By comparison the t i m e  domain c r i t e r i a  

predicted 89% o f  these configurations by level .  

The a l t i t u d e  ra te  bandwidth was applied t o  the configurations o f  the 

landing program. New boundaries were established which allowed 63% o f  the 

configurations t o  f a l l  within levels, however, t ime delay and s e n s i t i v i t y  
configurations were not  accurately predicted and 3 o f  6 Level 3 configurations 
were missed. By comparison the revised t ime domain c r i t e r i a  predicted 100% of 

the configurations by leve l .  
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Table 24 
COWARISON OF FREQUENCY DOMAIN AND 
TIE DOMAIN PREDICTIVE TECHJIQUES 

PREDI C T I  VE LANDING 
METHOD PROGRAM 

(32 Configs Total) 

PITCH RATE LARGE AIRCRAFT 
PROGRAM PROGRAM 

(27 Configs Total) (34 Configs Total) 

Low Order 38% 
Equivalent Predicted by Level 

Systems (32 configs tested] 

I I I I 
Pi tch A t t i t ude  1 44% 

Bandwidth Predicted bv Level 

78% 
Predicted by Level 
63% wi th in  fl HQR 

11% missed by >2 HQR 
, 2 Level 3’s missed 
, (22 configurations 
I tested) 

Using F ighter  (32 configs- tested) 
Boundaries 

P i tch  A t t i t ude  70% 
Bandwidth 
Using New 
Boundaries not  accurately predicted 

Predicted by Level (58 configs tested) 
Low frequency without F i l t e r s  

R l t i tude  Rate 63% 
Band width 
Using New 
Boundaries no t  accurately predicted 

Predicted by Level (32 configs. tested) 
T i m e  Delay and Sens i t i v i t y  

Neal-Smith 
P i l o t  Lead 

Compensation 
Using 

Suggested 
Boundaries 

73% 
Predicted by Level 
65% within fl HQR 

19% missed by >2 HQR 
4 Level 3’s missed 
(26 configurations 
tested) Time Delay 

and Sens i t i v i t y  no t  
accurately predicted 

77% 
Predicted by Level 
60% wi th in  f1 HQR 

14% missed by >2 HQR 
no Level 3’s missed 
(22 configurations 

tested) 

75% 
Predicted by Level 
50% within fl HQR 
25% missed by >2 HQR 
no Level 3’s missed 

(4 Configurations 
tested) 

Refined 

C r i t e r i a  
Time Domain 

100% 
Predicted by Level 
77% within fl HQf3 
4% missed by >2 HQR 
no Level 3’s missed 
(26 configurations 

I tested ) 

75% 
Predicted by Level 
50% within 21 HQR 
0% missed by >2 HQR 
no Level 3’s missed 
(4 configurations 

tested) 
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The Neal-Smith criteria which was appl ied t o  conf igu ra t ions  from the 
l and ing  program (26 conf igura t ions)  , p i t ch  rate program (22 conf igu ra t ions )  
and the large aircraft program (4 conf igu ra t ions )  showed s i g n i f i c a n t  co r re l a -  
t i o n  w i t h  p i t c h  a t t i t ude  p i lo t  compensation. Boundaries could be drawn 
(F igure  48) tha t  allowed correct p r e d i c t i o n s  of 75% of the conf igu ra t ions  by 
l e v e l  and 62% w i t h i n  +1 HQR. T h i s  is the most promising of  t h e  frequency 
domain techniques  tested, however, time de lay / sens i t i v i ty  conf igu ra t ions  of 
t h e  landing  program were n o t  accu ra t e ly  predicted. By comparison t h e  r ev i sed  
time domain criteria predicted 88% of t h e  above conf igu ra t ions  by l e v e l ,  69% 

wi th in  21 HQR and o f  t he  time d e l a y / s e n s i t i v i t y  conf igu ra t ions  100% were pre- 
d i c t ed  by l e v e l  and 85% were predic ted  t o  wi th in  $1 HQR. 

I n  t h e  above comparisons t h e  frequency domain criteria were appl ied  
t o  primarily two basic data sets con ta in ing  58 conf igu ra t ions .  Assumptions 
were then  made; i.e., Neal-Smith p i l o t  bandwidth, etc., and boundaries were 
drawn t h a t  best matched the c r i t e r i a  w i t h  t h e  data, i.e., empirical boundary 
d e f i n i t i o n .  These r e s u l t s  were then  compared t o  t he  revised time domain 
criteria which was appl ied  t o  the same data. These comparisons are shown i n  
Table 24. The time domain c r i t e r i a  was empirically developed from t h e  p i t ch  
rate program, and t h e  revised time domain criteria from t h e  landing program. 
The criteria was then  tested on 5 o t h e r  data sets (Table 20) f o r  a t o t a l  of 
129 c o n f i g u r a t i o n s  t h a t  included f igh te r  and t r a n s p o r t  aircraft. A s  described 
i n  t h e  previous  paragraph on a one t o  one comparison t h e  r ev i sed  time domain 
criteria was more accurate than  the Neal-Smith p i lo t  lead compensation method 
( t h e  most promising o f  t he  frequency domain methods) by a l l  comparison metrics 
and cons iderably  more accurate w i t h  time delay and s e n s i t i v i t y  conf igura t ions .  
I n  fact, there has been no o the r  criteria observed that  w i l l  account  f o r  
s e n s i t i v i t y .  

When the  r e f ined  time domain criteria was applied t o  t h e  a d d i t i o n a l  

predicted by l e v e l  - 81% 
predicted wi th in  21 HQR - 60% 
conf igu ra t ions  missed by more than 2 HQR - 12% 

data sets the  o v e r a l l  results of  129 conf igu ra t ions  l i s ted  i n  Table 20 were: 
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These t o t a l  resu l t s  were more accurate than the best o f  the frequency 
domain methods tha t  were empir ical ly f i t t e d  t o  a 58 configuration data base. 
The time domain c r i t e r i a  has fewer l imi ta t ions,  and i s  especial ly accurate f o r  

p red ic t ing  t i m e  delay and s e n s i t i v i t y  ef fects.  

6.4 WASHOUT INVESTIGATION 

Configurations 17 through 20 were evaluated t o  determine the e f f e c t  

o f  a washout p r e f i l t e r  on a ra te  command-attitude hold system. Configuration 
17, which was i d e n t i c a l  t o  Configuration 1-2-2 of  the Reference 5 TIFSRi tch 

study, was chosen as a t y p i c a l  r a t e  command system. I t  had recieved p i l o t  
ra t i ngs  of 2, 7, and 8 i n  that reference study. Washout p r e f i l t e r s  with 
frequencies of .05, -1, and .2 rad/sec were added with Configurations 18, 19, 

and 20, respectively. 

I t  was postulated that  Configuration 17 would again receive border- 
l i n e  Level 2-3 ra t ings as i t  d i d  i n  the previous program, and then the poten- 
t i a l  improvement i n  f l y i ng  q u a l i t i e s  with various degrees o f  washout i n  the 
comnand path could be evaluated. As i t  turned out i n  t h i s  program, t h i s  con- 
f i gu ra t i on  received p i l o t  ra t ings a l l  between 2 and 4 with an average o f  2.6 
from the f i v e  separate p i l o t  evaluations. The maximum washout configuration 
(20), with an qo = .2 rad/sec, was evaluated by four p i l o t s  and also received 

p i l o t  ra t i ngs  between 2 and 4 with an average of 2.8. The only s ign i f i can t  

p i l o t  comnents (see Appendix 0) were tha t  the no washout configuration (17) 
he ld  f l i g h t  path be t te r  i n  the approach phase, but t h a t  the maximum washout 
conf igurat ion (20) f e l t  more natura l  with the required a f t  forces, i n  the 

f l a re .  

The predict ive c r i t e r i a  i n  t h i s  study and Reference 5 ind icate tha t  
the baseline r a t e  command system, Configuration 17, should indeed be rated 
near the Level  1-2 border as i t  was i n  t h i s  program. The resu l t s  from t h i s  
study a lso  show tha t  the addi t ion o f  a washout p r e - f i l t e r  does no t  degrade the 
f l y i n g  q u a l i t i e s  but j u s t  requires the p i l o t  t o  hold a f t  forces i n  the f la re .  

A be t te r  invest igat ion i n t o  washout f i l t e r s  would require a baseline ra te  
command system that was de f i n i t e l y  a Level 2 or 3 configuration. 
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Cal ib ra t ion  steps for Configuration 1-2-2 o f  Reference 5 were re- 
examined and found t o  be the same as those for  Configuration 17 o f  the present 

study. I t  is not  known why t h i s  configuration was rated worse i n  the previous 
study, other than the p i l o t  comments ind icate a f l oa t i ng  overcontrol tendency 
i n  the f l a r e  which d i d  not seem t o  bother the p i l o t s  i n  the present study. 

Conclusions presented here r e l a t e  t o  the predic t ive c r i t e r i a  resul ts.  

Conclusions from the in terpretat ion o f  the resu l t s  using MIL-F-8785(C) as a 
f l i gh t  con t ro l  design c r i t e r i a  are presented i n  Section 5.4. 

6.5.1 Tim Delay and Sens i t i v i t y  Considerations 

There is strong and consistent corre la t ion between t ime delay e f f e c t  

on p i l o t  performance and p i t c h  s e n s i t i v i t y  for the f l a red  landing task 
(observations from other programs and experience i n  i n - f l i g h t  simulators 

indicates strongly tha t  a s imi lar  corre la t ion ex i s t s  f o r  the r o l l  ax is  and 
other tasks as well). This correlat ion has been quant i f ied t o  the extent that 

the designer now has metrics that  w i l l  a l low him t o  predic t  the e f f e c t s  on 
f l y i n g  q u a l i t i e s  of various t i m e  delay and s e n s i t i v i t y  values. 

The resu l t s  of t h i s  program a lso  c a l l  a t tent ion t o  the importance o f  
proper s e n s i t i v i t y  selection. Changes i n  f l i g h t  con t ro l  schemes, i .e., addi- 
t i o n  o f  p r e f i l t e r s ,  changes i n  feedback gains, or any factor  t h a t  w i l l  change 
the shape o f  the t i m e  response, r e w i r e s  proper adjustments o f  command gain t o  
maintain s e n s i t i v i t y  wi th in  desired bounds. for wheel con t ro l l e rs  i n  the 
f l a red  landing task these bounds are now w e l l  defined and the designer has 

metrics avai lable tha t  al low him t o  quantify, i n  f l y i n g  q u a l i t i e s  terms, the 
e f f e c t  o f  design 
as w e l l  defined. 

changes. For center s t i c k  contro l lers  the bounds 
For other contro l lers  more data is required. 

are not  yet  
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6.5.2 Time Domain C r i t e r i a  Considerations 

The time domain c r i t e r i a  i s  considered t o  be s u f f i c i e n t l y  re f ined t o  
be o f  use t o  the designers for f l y i n g  q u a l i t i e s  performance predict ions of 

p i t c h  f l i g h t  control  systems i n  the f lared landing task. 

The accuracy o f  the c r i t e r i a  has been tested against a s ign i f i can t  
number o f  diverse programs and f l i g h t  con t ro l  system designs. I n  addition, i t  
includes s ign i f i can t  closed-loop items t h a t  previous c r i t e r i a  could no t  

account f o r  ( sens i t i v i t y  factors, etc.) . 
The t ime domain c r i t e r i a  developed from the program requires 

the fo l lowing items f o r  HQR predictions: 

I 

6.503 

1. 

2. 

- computer generated t i m e  h i s t o r i e s  o f  s t i c k  force (Fs), 

angle o f  at tack (a), p i l o t  s ta t i on  Z-axis accelerat ion 

, and p i t c h  ra te  (9) responses t o  a step-in, step-out 
elevator force command. 

- a penci l  

- a r u l e r  

- a hand calculator 

- f i v e  minutes o f  t i m e  

Frequency Domain C r i t e r i a  Considerations 

Low-order equivalent system r e s u l t s  d i d  not adequately discriminate 
between the good and bad configurations i n  t h i s  study. Only 38% o f  
the 32 configurations o f  t h i s  program were predicted by leve l .  This 
is  la rge ly  due t o  the f a c t  t h a t  most o f  the configurations had signi-  
f i c a n t  phugoid response character ist ics,  and these were not  i den t i f i ed  
by the low-order models. 

the p i t ch  a t t i t u d e  bandwidth l e v e l  boundaries were revised t o  r e f l e c t  
transport a i r c r a f t  configurations. Using these boundaries 70% o f  the 

58 configurations from t h i s  and the p i t c h  ra te  programs were predicted 
by l e v e l .  Configurations with low-frequency washout p r e f i l t e r s  were 
not accurately predicted by t h i s  c r i t e r i o n .  
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3. The a l t i t u d e  ra te  bandwidth c r i t e r i o n  yielded sat isfactory resul ts,  
with 63% o f  the 32 configurations of t h i s  program predicted by leve l .  
The charac ter is t i cs  of the t i m e  delay configurations i n  t h i s  study 

were not  accurately predicted by t h i s  c r i t e r i on .  

4. The Neal-Smith c r i t e r i o n  showed the most promising resul ts.  73% o f  52 
configurations (26 from the landing program, 22 from the p i t c h  r a t e  
program, and 4 from the large a i r c r a f t  program) were predicted by 

l e v e l  using t h i s  technique. The c r i t e r i o n  showed a strong corre la t ion 
between p i l o t  lead compensation and p i l o t  rat ing,  again with the 
exception o f  the t i m e  delay configurations. 

6.5.4 Overal l  Predict ive C r i t e r i a  Considerations 

The revised t i m e  domain c r i t e r i a  provided the most accurate resu l t s  
o f  a l l  c r i t e r i a  tested. I t  was tested against more configurations with more 
diverse charac ter is t i cs  than the other c r i t e r i a  and has fewer l imi ta t ions.  

Addi t ional ly,  i t  can account f o r  f l i g h t  cont ro l  var ia t ions and s ign i f i can t  i n  
these are t ime delay and sens i t i v i t y .  This c r i t e r i a  has matured t o  the point  
t ha t  i t  can be used as a predict ive t o o l  fo r  the f l i g h t  cont ro l  designer. 

The Neal-Smith c r i t e r i a  p i t c h  a t t i t u d e  p i l o t  lead compensation tech- 

nique showed the most promise of the frequency domain c r i t e r i a ,  however, i t  

has not  been applied t o  a large enough data base and should be modified t o  

accurately account - f o r  sens i t i v i t y  e f fects .  

Recommendations presented here re la te  t o  the predic t ive c r i t e r i a  
Recommendations f r o m  the i n te rp re ta t i on  o f  the resu l t s  using MIL-F- resul ts .  

8785(C) as a f l i g h t  cont ro l  design c r i t e r i a  are presented i n  Section 5.4. 

6.6.1 Time- Delay Sens i t i v i t y  

I t  has been shown tha t  cont ro l ler  s e n s i t i v i t y  has a strong e f f e c t  on 
p i l o t  i n te rac t i on  with t ime delay. Other character ist ics i n  the command path 

such as f e e l  system frequency, damping, deadband, f r i c t i on ,  etc., may have 
s im i la r  effects. A f l i g h t  program should be conducted t o  quanti fy these 

effects. 
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6.6.2 Time Domain Criteria 

This program has provided quant i ta t i ve  data on wheel con t ro l l e r  p i t c h  

s e n s i t i v i t y  requirements for the f l a r e d  landing task. Other f l i g h t  programs 

should be conducted t o  invest igate s e n s i t i v i t y  requirements o f  wheel, s t ick ,  
and side s t i c k  con t ro l l e rs  i n  both the p i t c h  and r o l l  axes and i n  other tasks 

as we l l  as f lared landings. 

6.6.3 Frequency Damin Criteria 

Future e f f o r t s  i n  frequency domain analysis should include the 

p i l o t ’ s  closed-loop gain as an i n t e g r a l  p a r t  of any predic t ive c r i t e r i on .  I n  
general, the c r i t e r i a  applied i n  these analyses d i d  not adequately predic t  the 

p i l o t  r a t i n g  trends obtained from the time delay configurations. I t  is recom- 
mended tha t  a frequency domain c r i t e r i o n  t o  be developed tha t  consistent ly 

predic ts  the resul ts  f rom such configurations. 
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